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A.  Introduction 

In  this  study  we  set  up  a  prostate  cancer  case-control  study  in  order  to  develop  new  serum  biomarkers  for  early  detection 
of  prostate  cancer  using  N  anotechnology.  In  early  pr  ostate  cancer  when  there  are  very  few  cells,  we  expect  trace  ser  um 
levels  of  proteins.  Recent  advances  in  nanotechnology  mean  that  target  biomarkers  of  prostate  cancer  can  be  conjugated  to 
quantum  dots,  thereby  enhancing  detection  characteristics  and  making  it  possible  to  detect  very  low  levels  of  a  particular 
protein  (1-9).  We  collected  blood  samples  from  65  African-American  men  with  prostate  cancer  and  70  ethnically-matched 
control  healthy  men  with  questionnaire  data  on  dem  ographics,  general  health  and  cancer  fam  ily  history  to  investigate 
prostate  cane  er  risk  f  actors.  Our  Ai  ms  were  to  investigat  e  emerging  nanotechn  ologies  for  their  use  in  early  detection  of 
prostate  cancer  in  African  A  merican  men  and  to  test  si  x  b  iologically  plausible  candidate  biom  arkers.  We  have 
investigated  the  QD-conjugated  seru  m  biomarkers  in  a  m  ultiplex  panel.  However,  we  have  found  this  technology  t  o  be 
cost-prohibitive  when  moving  from  the  test  samples  to  a  larger  sample  population.  We  tested  six  antibodies  as  potential 
biomarkers.  At  the  end  of  this  project  we  have  determined  that  the  most  suitable  biomarker  is  still  PSA.  The  most  optimal 
and  cost-effective  nanotechnology  was  to  conjugate  the  PSA  antibody  onto  gold  nanowire  encased  microfluidic  devices 
which  can  d  etect  sub-ELISA  levels  of  PSA.  This  project  is  e  ssential  in  ter  ms  of  expanding  research  ontheAfri  can 
American  populations  and  vital  to  im  prove  early  detection  of  prostate  cancer  so  as  to  reduc  e  the  dismal  mortality  rate. 
However,  additional  biomarkers  must  be  identified  to  enhance  s  pecificity  and  sens  itivity  of  early  dete  ction  of  pros  tate 
cancer.  This  study  has  shown  that  the  technology  i  s  availabl  e  for  enhanced  detection.  Th  is  technology  will  translate 
rapidly  to  other  cancer  sites  for  which  no  good  screening  test  is  available. 

B.  Body 

Task  1 .  To  collect  pre-t  reatment  se  rum  sa  mples  from  a  cohort  of  African-America  n  undergoing  screening  for 
prostate  cancer  (Months  1-26  according  to  the  Timeline  in  the  Statement  of  Work) 

1.1.  Recruitment 

Approach:  In  this  study  prostate  cancer  cases  are  defined  as  African  American  men  with  biopsy -proven  prostate  cancer. 
Controls  are  African  American  men  with  a  PSA<  2.5ng/m  1  and  no  other  evide  nee  of  prostate  cancer  by  DRE  or  biop  sy. 
Our  ca  se-control  collection  was  slow  but  we  have  collected  65  African-American  men  with  prostate  cancer  and  90 
African-American  controls  into  this  stud  y.  Once  consent  was  o  btained,  the  partic  ipants  were  asked  t  o  fill  in  a  short 
research  questionnaire  and  two  blood  sam  pies  (10  ml  each)  we  re  drawn.  Recruit  ment  took  place  at  Lifeti  me  Cancer 
Screening  at  the  H.  Lee  M  offitt  Cancer  Center  and  Research  Institute  and  Moffitt  Cancer  Center  Hospital,  the  Radiation 
Oncology  cli  nics  in  Tampa  and  Brandon  an  d  the  30  th  Street  Clinic.  All  sa  mples  w  ere  transferred  to  the  Tissue 
Procurement  and  the  LCS  laboratory  at  the  H.  Lee  Moffitt  Cancer  Center  and  Research  Institute  and  processed  for  serum 
and  DNA,  respectively,  where  they  are  stored.  Original  consents  (Appendix)  and  questionnaires  (Appendix)  are  stored  in 
a  locked  cabinet  in  a  1  ocked  office.  The  questionnai  re  data  collected  is  sea  nned  into  an  Ac  cess  database  by  the  Sur  vey 
Methods  Core.  The  risk  factor  database  will  be  linked  with  the  laboratory  database,  both  are  in  Access. 

Table  1 :  Section  of  the  Access  database  regarding  Decision  Making 
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Has  a  DRE  been  recommended? 


No 
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21.43 

3 

27.27 

2 
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2.38 
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3 
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17 

48.57 

29 

69.05 

9 

81.82 

3 

100.00 

yes 

38 

32.07 

38.26 
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36.84 

17 

48.57 

12 

28.57 

2 

18.18 

Don’t  know 

2 

25.00 

35.36 

1 

2.86 

1 

2.38 

Have  you  had  a  biopsy 

no 

68 

32.33 

30.11 

9 

47.37 

17 

48.57 

30 

71.43 

10 

90.91 

2 

66.67 

yes 

42 

25.91 

37.47 

10 

52.63 

18 

51.43 

12 

28.57 

1 

9.09 

1 

33.33 

Have  you  had  prostatitis 


no 

100 

27.76 

31.78 

14 

73.68 

31 

88.57 

41 

97.62 

11 

100.00 

3 

100.00 

yes 

10 

44.00 

41.15 

5 

26.32 

4 

11.43 

1 

2.38 

History  of  cancer 

no 

101 

26.97 

30.28 

17 

89.47 

31 

88.57 

40 

95.24 

10 

90.91 

3 

100.00 

yes 

9 

52.22 

47.64 

2 

10.53 

4 

11.43 

2 

4.76 

1 

9.09 

Family  history  of  cancer 

no 

61 

24.44 

29.71 

9 

47.37 

17 

48.57 

28 

66.67 

5 

45.45 

2 

66.67 

yes 

47 

39.26 

36.92 

9 

47.37 

17 

48.57 

14 

33.33 

6 

54.55 

1 

33.33 

Don’t  know 

2 

0.00 

1 

5.26 

1 

2.86 

Family  history  of  female  cancer 

no 

84 

27.22 

30.80 

12 

63.16 

25 

71.43 

37 

88.10 

7 

63.64 

3 

100.00 

yes 

24 

41.00 

40.35 

6 

31.58 

9 

25.71 

5 

11.90 

4 

36.36 
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N 
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29.89 

32.66 

17 

89.47 

32 

91.43 

39 

92.86 

10 

90.91 

3 

100.00 

no 

yes 

9 

28.14 

41.40 

2 

10.53 

3 

8.57 

3 

7.14 

1 

9.09 

Family  history  male  cancer 

77 

25.31 

31.10 

13 

68.42 

21 

60.00 

34 

80.95 

7 

63.64 

2 

66.67 

no 

yes 

31 

44.75 

36.00 

5 

26.32 

13 

37.14 

8 

19.05 

4 
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1 

33.33 

Don’t  know 

2 

0.00 

1 

5.26 

1 

2.86 

Family  history  prostate  cancer 

97 

27.86 

32.78 

15 

78.95 

29 

82.86 

41 

97.62 

9 

81.82 

3 

100.00 

no 

yes 

13 

45.00 

34.55 

4 

21.05 

6 

17.14 

1 

2.38 

2 

18.18 

Psa  Value 

14 

27.09 

23.72 

2 

10.53 

2 

5.71 

8 

19.05 

2 

18.18 

A)<=4 

77 

33.05 

34.96 

13 

68.42 

25 

71.43 

29 

69.05 

7 

63.64 

3 

100.00 

B)>4 

19 

18.36 

31.21 

4 

21.05 

8 

22.86 

5 

11.90 

2 

18.18 

Number  of  PSA  in  5  years 

29 

41.06 

33.06 

2 

10.53 

8 

22.86 

13 

30.95 

5 

45.45 

1 

33.33 

A)<=5 

71 

25.65 

32.43 

15 

78.95 

23 

65.71 

26 

61.90 

5 

45.45 

2 

66.67 

B)>5 

10 

31.50 

36.06 

2 

10.53 

4 

11.43 

3 

7.14 

1 

9.09 

Number  of  DRE  in  5  years 

20 

37.71 

32.47 

4 

21.05 

6 

17.14 

7 

16.67 

1 

9.09 

2 

66.67 

A)<=4 

58 

28.42 

33.89 

5 
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19 

54.29 

27 
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6 
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1 
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B)>4 

32 

27.48 

32.99 

10 
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10 
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8 
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4 
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1.1.  Summary:  Task  1 :  Recruit  ment  was  slow  and  w  e  reached  65  prostate  cancer  cases  and  70  controls  in  the  timefra  me 
of  the  award.  Completed. 

Task  2.  To  engineer  a  panel  of  quantum  dot  (QD)  -  antibody  (AB)  conjugates  targeting  established  prostate  cancer 
biomarkers  (antigens).  (Months  2-10  in  the  Timeline  in  the  Statement  of  Work). 

Approach:  The  experi  mental  luminescent  QDs  will  be  co  mposed  of  surface  passivated  II- VI  semi-conductors  such  as 
ZnS,  CdS,  ZnSe,  CdSe,  or  CdTe  and  their  core/shell  structures,  e.g.  CdSe/ZnS,  CdTe/CdS,  or  CdS/ZnS.  We  targeted  QDs 
to  cover  emission  in  the  broad  visible  to  infrared  spectral  range  to  achieve  optimal  spectral  performance.  The  QDs  will  be 
directly  conjugated  to  antibodies  to  the  selected  prostate  cancer  biomarkers:  Prostate  Specific  Antigen  (PSA),  Kallikrein  2 
(KLK2),  Kallikrein  14  (KLK14),  Osteoprotegerin  (OPG),  Antip53Ab,  Caveolin-1  (Cav-1)  and  Interleukin-  6  (IL-6),  with 
or  without  linker  molecules,  depending  on  the  molecular  structure  of  each  antibody. 

We  purchased  antibodies  (multiple  times)  for  the  above  biomarkers.  Previously,  standard  curves  were  determined  for  each 
antigen/antibody  using  E  LISA  kits  (CanAg,  CA,  USA;  Figure  1).  The  lower  li  mit  of  det  ection  for  this  technique  was 
approximately  <0.  lug/1  (Figure  2).  Therefore  we  determined  that  the  antibodies  were  detecting  the  chosen  biomarker.  We 

6 


have  successfully  conjugated  antibodies  to  the  above  biomarkers  to  quantum  dots  and  we  have  gone  ahead  and  are 
characterizing  them  according  to  Task  3  below. 

2.1.  ELISA  standard  procedure. 

In  order  to  com  pare  the  QD  PSA  ELIS  A  results  with  the  established,  commercially  available  ELISA,  th  e  regular  ELI  SA 
was  run  with  a  PSA  detection  kit  supplied  by  CanAg  (CanAg  PSA  EIA  340-10).  The  methods  sensitivity,  claimed  by  the 
vendor,  is  above  0. 1  ng/m  1.  The  main  stages  of  the  proce  dure  are  shown  on  Figure  1 .  Th  e  method  emplo  ys  a  classic 
“sandwich”  ELISA  principle,  where  the  optical  detection  is  based  on  the  Horseradish  pero  xidase  (HRP)  enzyme,  cleaving 
the  substrate,  yields  to  the  change  of  color.  Commercial  kit  includes  96  precovered  with  the  PSA  coating  Antibod  y  wells, 
to  which  the  sa  mples  (PSA  antigens)  a  re  added,  following  w  ith  the  addition  o  f  detecting  PSA  Antibod  y,  conjugated  to 
HRP.  Next,  the  substrate  is  added,  following  with  the  stopping  solution  addi  tion,  and  absorbance  read  ingat450nm 
(Figure  2).  A  11  samples  were  run  in  duplicates  and  the  resu  Its  are  the  averages  of  the  two.  The  reading  was  performed 
using  a  Synergy™  HT  Multi-Mode  Microplate  Reader  supplied  by  BioTek,  at  450nm. 
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Figure  1 :  The  brief  schematic  of  the  CanAg  EIA  procedure 

On  the  Fig.2  the  results  of  commercial  ELISA  are  shown.  As  expected,  among  the  plasma  samples  0.013  and  0.093  ng/ml 
were  undetectable  (Fig  2A),  as  well  as  the  whole  range  of  the  AG  dilutions  in  PBS  (Fig  2B).  According  to  our  results, 

0. 1  ng/ml  and  below  were  undetectable  in  both  the  serum  and  AG  dilutions  samples  which  is  in  an  agreement  with  the 
claimed  method  threshold. 
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Figure  2:  CanAg  PSA  AG  detection  limits:  A  -  in  sera  samples;  B  -  in  AG  solution  in  PBS. 


2.1.  Summary:  Task  2  completed 


Task  3.  To  define  the  p  hotoluminescence  signatures  of  bound  versus  un  bound  QDs  created  in  Aim  2,  reflect  ing 
antigen-antibody  complex  formation.  (Months  11-25  according  to  the  Statement  of  Work) 

Approach:  High-resolution  photoluminescence  (PL)  spectroscopy  will  be  used  to  analyze  antibodies  and  QDs  separ  ately 
before  and  then  after  they  have  been  conjugated.  T  his  permits  the  identification  of  unique  spectr  al  signatures,  and  i  s 
based  on  standard  PL  de  scriptors  such  as:  PL  peak  positio  n  at  400nm  -  l,700nm  spect  ral  range,  full  width  at  half 
maximum  (FWHM)  of  the  PL  band,  optical/acoustic  phonon  ffe  quencies,  excitation  wavele  ngth  dependence  (different 
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laser  sources),  light  polarization,  te  mperature  quenching,  a  nd  PL  quantum  efficiency.  From  the  PL  de  scriptors  of  th  e 
optimized  AB-QD  conjugates  we  will  ge  nerate  a  calibration  curve  of  the  PL  in  tensity  versus  con  centration  of  the 
conjugated  QDs  in  seru  m/plasma.  This  allows  determination  of  the  sensitivity  li  mit  of  the  QD  luminescence  diagnostics, 
limits  of  concentration  linearity  and  dynamic  range. 

3.1.  Our  goal  was  to  identi  fy  a  sensitive  and  specific  panel  of  biomarkers  employing  reproducible  and  robust  technol  ogy 
at  a  r  easonable  cost  so  it  can  be  applie  d  as  a  screening  test  to  the  general  po  pulation.  W  e  extensively  investigated  the 
chemistry  of  bound  versus  unbound  QDs  in  ten  way  s:  1.  ELISA  (Sections  3.1.1  and  3.1.2,  Figures  3  a  nd  4;  table  2) ;  2. 
Different  types  of  QDs  (Section  3.1.3,  table  3);  3.  Same  AB,  different  QDs  (Section  3.1.3,  table  3);  4.  Same  QD,  different 
Abs  (Section  3.1.  3,  Figure  5,  table  3);  5. Storage  ti  me  (as  low  as  30m  inutes  and  up  to  se  veral  months)  (Section  3.  1.4, 
Figure  6);  6.  Tern  perature  (as  high  as  250C  and  as  low  as  0C)  (Section  3.1.5,  Figures  7  and  8);  7.  Spectral  mapping 
(Section  3.1.6,  Figures  9-11,  table  4);  8.  Gel  electrophoresi  s  (Section  3.1  .7,  Figures  12  an  d  13);  9.  ‘Home-made’  QDs 
(section  3.1.3,  table  2);  10.  Ultrasonication  (section  3.  1.8,  Figure  14);  11.  Various  drying  substrates  (Si,  rubber,  SiC  and 
quarz)  (section  3.1.9,  Figures  15  and  16);  12.  Various  am  biences  (vacuum,  argon,  nitrogen  and  oxygen,  increased 
moisture)  (section  3.1.10,  Figure  17);  13.  TEM  measurements  (section  3.1.1 1,  Figures  18  and  19). 

We  published  a  paper  on  the  application  of  the  b  io-conjugated  quantum  dots  (QDs)  for  “sandwich”  enzyme  linked 
immunosorbent  assay  (ELISA)  (Chomokur  et  al.  Superlattices  and  Microstructures,  2008).  QD-ELISA  can  detect  PSA 
antigen  at  concentrations  as  low  as  0.0  lng/m  1  which  is  ~50  times  lower  than  the  classic  “sandwic  h”  ELISA  was 
demonstrated.  Scanning  photolum  inescence  (PL)  sp  ectroscopy  was  performed  on  dried  E  LISA  wells  and  the  results 
compared  with  the  same  QD  samples  dried  on  a  solid  substrate.  We  confirmed  a  “blue”  37  nm  PL  spectral  shift  in  a  case 
of  QDs  conjugated  to  PSA  antibodies.  Increasing  of  the  “b  lue”  spectral  sh  ift  was  observed  at  lower  PSA  antige  n 
concentrations.  The  results  can  be  used  to  improve  sensitivity  of  “sandwich”  ELISA  cancer  antigen  detection.  Currentl  y, 
the  threshold  of  PSA  AG  detection  for  “sa  ndwich”-ELISA  with  organic  dyes,  but  for  many  ELISA  kits  the  threshold  i  s  1 
ng/ml  [1-4],  which  is  usu  ally  low  enough  for  early  cancer  detection,  but  “sandwich”  ELI  SA  with  QDs  could  possibl  y 
detect  as  low  as  0.01  ng/ml  of  PSA  AG.  One  of  th  e  current  pr  oblems  in  QD  usage  for  bi  omedical  applications  is  th  at 
bioconjugation  reactions  may  be  incom  plete  and  result  in  resid  ual  non-conj  ugated  QDs  in  the  same  bio-conjugated 
solution.  Our  rec  ent  exper  iments  de  monstrated  that  PL  spectra  o  f  QDs  are  changed  b  y  bi  oconjugation  [5-9].  This  is 
manifested  as  a  blue  or  short- wavelength  spectral  shift  of  the  PL  maximum,  which  can  b  e  cle  arly  obs  erved  as  a  co  lor 
change  of  th  e  dried  bioco  njugated  sample.  This  uni  que  spectroscopic  feature  of  the  biocon  jugated  QDs  may  serve  as  a 
fingerprint  of  the  bioconjugation  reaction.  Ultimately,  this  will  dramatically  improve  sensitivity  of  biomolecules  detection 
using  QDs  because  a  background  PL  from  the  non-conjugated  QDs  can  be  spectrally  separated.  In  this  paper,  we  report  on 
PL  spectroscopic  study  of  the  dried  “sandwich”  ELISA  wells,  utilizing  QDs  to  detect  PSA  AG  at  the  concentration  range 
of  0.01  -  1.0  ng/ml.  The  agarose  gel  el  ectrophoresis  technique  with  the  organic  dye  fluorescamine  is  employed  to  assure 
the  quality  of  the  conjugate,  used  for  “sandwich”-ELISA  technique.  A  “blue”  spectral  shift  magnitude  was  found  to  be 
larger  for  EL  ISA  “sandwiches”  in  comparison  to  the  same  bio-conjugated  QDs,  dr  ied  on  a  flat  silicon  substrate.  Thi  s 
effect  can  be  attributed  t  o  the  elevat  ed  stress  applied  to  the  indi  vidual  QD,  i  nvolved  into  the  “sandwich”  form  ation,  as 
well  as  more  or  less  efficient,  but  probabl  y  not  complete,  nonconjugated  QD  eh  mination  caused  by  t  he  washing 
procedure.  T  he  PL  signa  1  from  the  bio-conju  gated  QDs  wa  s  foun  d  in  all  wells,  containing  AG,  with  differ  ent 
concentration  but  was  und  etectable  in  the  control  w  ell  without  AG.  It  is  ex  pected  that  the  results  can  provi  de  strong 
benefits  for  early  cancer  detection  and  forensic  technology. 


3.1.1  ELISA  QD  procedure 

Uncoated  polystyrene  ELISA  wells  were  purchased  from  NUNC.  All  buffers  in  stock  solutions  (coating,  stopping  and 
washing)  were  purchased  from  Immunochemistry  Technologies  LLC.  The  scheme  of  the  “sandwich”-ELISA  method  is 
shown  in  Fig.  3. 


Precovering 
with  AB 


Blocking 


Figure  3.  “Sandwich”-ELISA  method  schematic. 

Wells  were  coated  with  capture  PSA  AB  by  adding  50ul  of  5X  diluted  coating 
buffer  mixed  with  AB  in  concentration  7.5  pg/ml.  The  wells  were  then  covered 
with  alu  minum  foil  to  prevent  light  e  xposure  and  incubated  overnight  at  4C. 
After  that  coated  wells  were  washed  3  times  with  washing  buffer  and  incubated 
with  blocking  buffer  (30 Opt l/wcl I )  at  the  same  conditions  to  ensure  blocking  of 
all  unused  sites  on  the  well,  available  for  further  protein  bondi  ng.  This  stag  e 
was  also  followed  with  3 -times  washing,  and  imme  diately  proceed  to  the  AG 
solution/sera  addition.  50  pi  of  PSA  AG  solution  or  sera  was  ad  ded  to  wells 
#2-  4  in  the  f  ollowing  concentrations:  well  #2-1.0  ng/ml;  well  #3  -  0.  In  g/ml; 
well  #4  -0.01  ng/ml;  and  well  #5  was  a  control  -  pure  PBS  (pH  7.4)  added,  no 
AG.  The  wells  were  incubated  in  the  sa  me  conditions  for  12h,  washed  3  tim  es 
with  washing  buffer,  and  t  he  50  p  1  of  2  X  diluted  AB*QD  solution  was  added 
immediately,  incubated  for  12h  at  the  same  conditions,  washed  3  ti  mes  and  let 
dry  on  air  unt  il  the  further  spectroscopic  an  alysis.  The  2X  dilution  of  a  conjugate  with  QD  incubation  b  uffer  was  used  in 
the  effort  to  lower  the  expenses,  associated  with  the  experiment.  QD*AB  conjugated  is  very  concentrated  in  ABs  (the  AB 
solution  used  for  conjugation  is  lm  g/ml),  therefore,  they  are  taken  in  excess  even  if  the  conjugate  is  diluted  2  times.  T  he 
2X  dilution  of  a  conjugate  with  QD  incubation  b  uffer  (obtained  from  Invitrogen  Inc)  was  used  in  the  effort  to  lower  the 
expenses,  associated  with  the  experiment.  QD*AB  conjugated  is  very  concentrated  in  ABs,  therefore,  they  are  taken  in 
excess  even  if  the  conjugate  is  diluted  2  times  (Table  2): 


\ 


AG  addition 


AB’QD  conjugate 
addition 


PL 

mo  a  tupement 


Table  2:  AB  concentration  estimate 


Main  stage  of 
conjugation 

Brief  description 

Estimated  AB  concentration  and  volume 

Initial 

Stock  AB  solution 

1  mg/ml,  300pl  [inv] 

Mixed  with  QD 

125ul  of  QD  solution 

0.7mg/ml,  425pl 

Separation  column 

To  get  rid  of  unconjugated  ABs; 
Assuming  no  AB  losses 

0.6mg/ml,  500pl 

Final  volume 

Assuming  50%  of  AB  losses 

0.3mg/ml,  500pl 

Assuming  90%  of  AB  losses 

0.06mg/ml,  500pl, 
or  60ug/ml,  500pl 

Assuming  99%  of  AB  losses 

0.003mg/ml,  500pl 
or  3ug/ml,  500pl 

Therefore,  even  assu  ming  99%  of  all  AB  losses  we  still  have  3pg/mlAB  solution,  which  diluted  2  tim  es  gives  us 
1.5pg/ml  solution,  which  is  1000-100000  times  more  than  target  AG  concentrations. 

3.1.2  QD  ELISA  is  more  sensitive  than  the  regular  PSA  ELISA 

The  regular,  commercially  available  and  QD  modified  PSA  ELIS  A’ s  were  p  erformed  on  the  same  set  of  samples,  which 
included  four  female  serum  samples  with  known  PSA  concentrations  (1.82,  0.66,  0.093  and  0.013  ng/ml)  and  four  PSA 
AG  solutions  in  PBS  (0.1,  0.01,  0.0  05  and  0.001  ng/ml).  As  for  the  serum  samples,  the  two  lowest  concentrations  were 
prepared  by  dilutions  of  other  samples  with  greater  concentrations.  The  samples  in  commercially  available  ELISA  were 
run  in  duplicates,  and  the  samples  in  QD  ELISA  were  run  in  just  one  sample  each.  This  was  done  in  order  to  minimize  the 
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cost  of  the  experiment,  which  is  at  the  moment  high,  especially  for  the  QD  ELISA.  The  main  goal  of  the  experiment  was 
to  determine  if  the  QD  ELISA  can  lower  the  current  threshold  (O.lng/ml). 


In  Fig.2  the  results  of  co  mmercial  ELISA  are  shown.  As  expected,  am  ong  the  plasm  a  samples  0.013  and  0.09  3  ng/ml 
were  undetectable  (Fig  2A  ),  as  well  as  the  whole  range  of  t  he  AG  dilutions  in  PBS  (Fig  2B).  According  to  our  results, 
0.  lng/ml  and  below  were  undetectable  in  both  the  serum  and  AG  dilutions  samples  which  is  in  a  good  agreement  with  the 
claimed  method  threshold. 


Different  results,  however,  were  obtained  with  the  Q  D  ELISA  using  same  set  of  samples  (Figure  4).  As  obvious  from  the 
Figure  4A,  all  plasma  samples  were  successfully  detected,  including  the  0.013  and  0.093  ng/ml  dilutions.  As  for  the  AG  in 
PBS  solutions,  the  lowest  0.00 lng/ml  concentration  was  almost  at  zero  level  (Figure  4C),  so  it  is  considered  undetectable, 
however,  the  next  dilution  -  0.005ng/ml,  was  detected  (Figure  4B)  and  therefore  may  be  considered  as  a  new  threshold  for 
the  PSA  AG  detection  with  the  QD  ELISA  method. 

So,  based  on  the  mentioned  above  results,  the  authors  c  onclude  that  ELIS  A,  which  utilizes  bioconjugated  QDs  as 
detection  markers  is  at  least  20  times  more  sensitive  that  the  currently  available  commercial  ELISA  (0.005  vs  0.1  ng/ml) . 
This  is  attributed  to  a  very  efficient  mechanism  of  QD  emission,  so  that  just  a  relatively  small  amount  of  QDs,  which  are 
engaged  into  the  sandwich  formation,  is  enough  to  create  a  detectable  PL  signal. 
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3.1.3  Different  antibodies  and  QDs  -  summary 

For  the  most  part,  705nm  QDs  were  u  sed,  because  after  conjugation  and  drying  they  exhibit  the  largest  “blue”  spectral 
shift.  This  effect  is  attributed  by  the  fact,  that  bigger  QDs  have  more  spaces  for  the  antibody  attachment,  resulting  in  the 
increased  elastic  stress  which  is  applied  to  such  QDs.  For  instance,  if  the  smaller  (“blue”)  QDs  with  the  size  3-6nm  could 
attach  1 -2  antibod  ies,  th  e  relatively  big  7  05nm  QDs  with  the  size  up  to  12nm  ,  could  possibl  y  attach  3  or  more 
biomolecules.  In  the  scope  of  this  research,  about  80%  of  all  effo  rt  was  put  into  th  e  705nm  QDs,  conjugated  to  PSA 

antibodies.  This  is  motivated  by  the  fact,  that  PSA  is  an  important  (and  the  one  reliable  so  far!)  prostate  cancer  biomarker. 

Table  3:  The  summary  of  QDs,  antibodies  and  spectral  shifts  of  all  experiments,  performed  in  the  scope  of  this  work. 


Antibodies 

705  (CdTeSe) 

655  (CdSe) 

605  (CdSe) 

580  (CdSe)  -  home  made 

IL-10 

Time-induced 
shift  ~27nm 
during  storage  at 
room 

Time-induced  shift 
~10nm  during 
storage  at  room 

Time- induced  shift 
— 7nm 

during  stora  ge  at 
room 

~4nm  initial  shift;  up  to  -65 nm 
temperature  induced  shift  (190C,  12h); 

-  14nm  room  T  aging  shift  (12  days) 

PSA 

Time-induced 
shift  ~27nm 
during  storage  at 
room 

No  experiment 

No  experiment 

No  experiment 

KLK19 

(CAV1) 

No  experiment 

~3nm  initial  shift; 
-lOnmtem  perature 
induced  shift  (190C, 
12h);  -  14n  m  roo  m 
T  aging  shift  (12 
days) 

No  experiment 

No  experiment 

P53 

No  experiment 

~5nm  initial  shift; 
~15nmtem  perature 
induced  shift  (190C, 
12h);  -  18n  m  roo  m 
T  aging  shift  (12 
days) 

No  experiment 

No  experiment 

IL-6 

~4nm  in  itial 

shift;  -20-2  5nm 

temperature 
induced  s  hift 

(190C,  8h); 
~21nm  room  T 
aging  s  hift 

(12days); 

No  experiment 

No  experiment 

No  experiment 

OPG 

~10nm  in  itial 
shift;  ~36nm 
room  T  aging 
shift  (12da  ys); 
~32-36nm  tern  p 
induced  s  hift 

(190C,  lOh) 

No  experiment 

No  experiment 

No  experiment 

The  influence  of  a  biomolecule’s  molecular  weight 

We  extended  this  stud  y  to  other  types  of  cancer  related  antibodi  es.  In  this  exp  eriment  the  identical  type  and  size  of  QDs 
with  the  PL  maximum  at  705  +/-  2  nm  was  used.  The  bioco  njugation  and  subsequent  PL  spectroscopic  analy  sis  was 
performed  on  6  monoclonal  ABs,  currently  being  considered  as  cancer  biomarkers.  They  are:  IL-6,  IL-10,  PSA,  P53,  OPG 
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and  CAV-1.  705nm  QDs,  conjugated  to  all  ABs,  mentioned  above,  perform  “blue”  spectral  shift  of  different  magnitude 
with  the  IL-6  giving  the  smallest  shift,  and  OPG  -  the  largest  approaching  3  6  nm  after  1  1  days  of  room  tem  perature 
sample  storage  (figure  5). 

The  different  magnitude  of  the  blue  spectral  shift  for  different  ABs,  is  repeatable  and  observed  in  samples  dried  at  room 
or  higher  temperatures.  For  instance,  we  previously  observed  an  approximately  40  nm  spectral  shift  for  IL-10  ant  ibody 
after  12  days  drying  at  room  temperature  or  after  annealing  at  140C  for  12  hours  [123  ].  In  figure  3.16  we  present  data  of 
the  maxi  mum  PL  spectral  shift  for  different  ABs  a  fter  room  -temperature  dry  ing  and  cor  related  this  shift  with  the  AB 
molecular  weight.  It  occurred  that  the  AB  molecules  with  la  rger  molecular  weight  show  a  1  arger  “blue”  shift  of  the 
conjugated  7  05  nm  QDs.  For  instance,  molecular  weight  of  the  IL6  AB  molecule  is  22-26  kDa  [139],  while  OPG  AB 
molecule  weights  48  kDa  [140],  which  corresponds  to  27  and  36  nm  PL  shifts. 
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Figure  5:  Dependence  of  the  QD  “blue  ”  spectral  shift  on  the 
molecular  weight  of  the  AB  molecule,  used  for 

bioconjugation.  The  sam  pies  were  deposited  on  silic  on  and 
dried  at  room  temperatures  for  1 1  days. 


3.1.4,  Time  dependence  of  the  “blue”  spectral  shift 

As  soon  as  the  initial  shift  of  bioconjugated  QDs  was  discovered,  it  was  necessary  to  research,  if  it  changes  with  the  tim  e 
of  storage  of  the  dried  sample.  To  do  this,  the  dried  sample  was  stored  in  the  cl  ear  plastic  box  at  room  ambience  and  the 
spectra  were  taken  once  a  day  to  monitor  the  peak  positions.  It  was  discovered  that  the  blue  spectral  shift  of  bioconjugated 
QDs  increases  with  tim  e:  the  PL  spectrum  of  bio-conjugated  s  pot  gradually  shifts  to  the  sh  ort-wavelength  region,  while 
the  pure  QDs  retain  the  same  peak  position  within  2nm  accuracy  threshold  (Figure  6A).  As  could  be  seen  from  the  Figure 
6B,  for  this  particular  705nm  QDs  +  PSA  sample,  the  blue  shift  increased  from  6-7nm  up  to  ~27nm  in  1 1  days  of  storage. 
This  effect  was  also  obser  ved  and  documented  for  other  QDs  and  Antibodies  as  described  above  (table  2).  The  average 
spectral  shift  after  12-14  days  of  storage  at  room  ambience  is  usually  22-35nm.  We  have  examined  the  spectral  shift  of  the 
samples  after  3  m  onths  of  storage,  however,  no  substantial  increase  was  noted  compared  to  the  14  days  shift.  This  is 
attributed  to  finishing  of  the  drying  process  in  14  days,  and  thus  stabilizing  of  the  “blue”  spectral  shift  that  is  speculated  to 
be  of  a  moisture-related  stress-induced  nature. 
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Figure  6:  The  blue  shift  dependence  on  the  sample  storage  time  at  room  ambience:  A  -  PL  spectra  of  pure  705nm  QDs 
and  conjugated  to  PSA  QDs,  initial  and  after  the  1 1  days  of  storageas  room  T;  B  -  PL  peak  positions  on  a  daily  basis  for 
pure  705nm  QDs  and  same  705  nm  QDs  conjugated  to  PSA. 

3.1.5  The  influence  of  drying  temperatures 

In  order  to  establish  the  influence  of  the  a  mbient  temperature  on  the  blue  shift,  two  identical  dried  samples  were  stored  at 
the  room  (+22  -  +23C)  and  fridge  (+0  -  +4C)  a  mbiences  for  13  days  and  the  spectra  were  taken  daily.  The  fridge  samples 
were  kept  in  a  fridge  for  the  whole  time,  except  for  the  measurement  which  did  not  exceed  lOmins  a  day .  Each  sample 
had  a  pure  705nm  QD  drop  and  bioconjugated  to  PSA  QD  drop.  The  results  are  shown  on  Fig  7.  It  is  clear  that  conjugated 
sample  which  was  kept  i  n  a  fridge  e  xhibits  sm  aller  blue  shift  than  the  one  which  was  kept  in  the  room  a  mbience, 
suggesting  t  hat  lower  tem  peratures  slow  down  t  he  blue  sh  iff  formation.  The  relative  difference  bet  ween  the  shift 
magnitudes  is  ~26%. 

Figure  7:  The  blue  shift  of  the  conjugated  to  PSA  sample  (stars) 
in  comparison  to  pure  QD  sam  pie  (rounds)  after  the  13  da  ys  of 
storage.  The  average  shift  of  the  room  conjugated  sample  (open 
shapes)  is  ~  26%  bigger  in  co  mparison  to  the  fridge  conjugated 
sample  (closed  shapes).  Because  the  lower  storage  temperatures 
show  a  diminishing  effect  of  the  shift  for  mation,  the  assumption 
was  made  that  the  higher  te  mperatures  may  speed  its  formation. 
To  test  this,  conjugated  and  reference  samples  were  dried  in  a 
temperature  stabilized  oven  at  air  ambient  atmosphere  at  various 
temperatures  up  to  245  °C.  It  is  realized  that  high-t  emperature 
processing  may  produce  a  deco  mposition  of  the  protein 
structure.  However,  it  was  used  to  facilitate  PL  shift  process  for 
exploration  purposes.  The  kinetics  of  the  annealing  process  w  as 
monitored  using  PL  spectra  at  roo  m  tem  perature.  Figure  8 
depicts  the  kinetic  curves  of  the  P  L  spectral  shift  versus 
annealing  time  at  different  tem  peratures  over  a  period  of  12  h. 
At  annealing  temperatures  of  140  and  1 90  °C,  the  kinetic  curves 
reveal  an  exponential  growth  with  saturation  of  the  relative  PL  spectral  shift  allowing  for  an  estimate  of  the  time  constant 
of  this  process  at  5  hrs  and  8  hrs  for  190  °C  and  140  °C,  respectively.  The  spectral  shift  rate  was  much  higher  for  250  °C 
drying  temperature,  while  for  1 15  °C  observable  shift  change  does  not  show  full  exponential  saturation  level  even  after  12 
hours  of  storage.  The  observed  results  may  be  described  by  the  influence  of  temperatures  on  the  proteins,  attached  to  QDs. 
At  lower  temperatures,  the  proteins  dry  and  denature  slower,  which  may  reduce  the  tension  on  the  QD-substrate  surface  or 
have  the  chemical  effect  of  the  QD  (See  Discussion  section). 
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3.1.6.  Spectral  mapping  measurements 

In  order  to  more  carefully  examine  the  “blue”  shift  pattern  across  the  dried  spot  of  QDs,  the  PL  mapping  t  echnique  was 
utilized.  Silicon  wafers  with  deposited  QD  spot  s  were  mounted  on  a  com  puter  controlled  X-Y  moving  stage  with  a 
smallest  step  of  0.1  mm.  The  typical  mapping  area  was  3  mm  x  3  mm  with  a  step  of  0.25  mm.  PL  system,  shown  on  the 
Figure  9,  was  employed  to  make  the  spectral  maps. 

Figure  9:  Photoluminescence  setup  for  room  temp  measurements  of  quantum  dots  The  PL  mapping  experiment  was  done 
with  the  use  of  an  X-Y  computer  controlled  moving  stage  (Velmex  8300)  with  10  pm  step  precision  and  (Klinger  CC  1 .2) 
for  1  pm  resolution  maps. 

PL  spectral  mapping  technique  has  several  i  important  advantages  over  a  “one  spectra  per  spot”  measure  ment,  because  it 
allows: 

A.  track  the  spectral  peak  position  inhom  ogenities 
across  the  dried  spot; 

B.  obtain  the  lowest,  the  highest  and  the  average  peak 
positions  for  one  spot; 

C.  compare  the  highest,  the  lowest  and  the  average  peak 
positions  of  bioconjugated  spot  vs  the  nonconju  gated 
control,  or  the  bioconjugated  spot  at  a  certain  amount 
of  time  with  the  same  spot  at  the  different  am  ount  of 
time  and/or  after  treatment; 

D.  helps  to  identify  possible  mechanism  of  the  shift 
appearance,  because  of  certain  physical  mechanisms 
(discussion); 
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The  following  advantages  are  illustrated  in  the  Figure  10. 


Pa*>705Hin  Q  0  Pea*  : .  Ini  lal 


Figure  10:  Initial  spectral  maps  of  the  705nm  QDs, 
bioconjugated  to  PSA  Antibody:  A.  peak  position  -  pure 
QDs;  B.  Peak  position  -  bioconjugated  QDs;  C.  spectra  of  the 
maps,  presented  above.  Each  spectra  co  rresponds  to  one  spot 
on  the  spectral  map. 


Figure  10  illustrates  the  spectral  mapping  of  the  same  705nm  QD  sample,  bioconjugated  to  PSA  Antibodies.  As  could  be 
seen  from  the  A  and  B  parts  of  both  figures,  the  spectral  peak  positions  differ  from  one  spot  to  anothe  r  even  within  the 
same  sam  pie  (lighter  spots  correspond  to  higher  PL  inte  nsity  and  more  “red”  PL  peak  positions).  This  spectral 
inhomogenity  exists  for  both  pure  and  conjugated  QD,  and  the  magnitude  increases  with  time  of  storage. 


Having  a  spectral  mapping  data  gives  us  an  opportunity  to  calculate  the  C-  average  peak  position  for  each  spot,  along  with 
the  spectral  range.  Therefore,  such  te  rms  as  an  a  verage  sp  ectral  shift,  or  a  maxi  mum  ( minimum)  s  pectral  shift  are 
becoming  available.  For  i  nstance,  for  the  initial  nonconjugated  spot,  the  maximum  high  spectral  position  is  714nm  ,  the 
lowest  minimal  is  702nm ,  therefore,  the  peak  positions  range  for  this  spot  is  702-7 14nm  .  The  average  peak  position  f  or 
the  whole  spot  is  calculated  by  simple  summation  of  all  peaks  and  dividing  the  sum  on  the  number  of  spectra,  which  for 
this  spot  equals  to  708nm.  This  nu  mberisinago  od  ag  reement  with  the  o  ne  spectru  m  per  spot  measurement.  Th  e 
summary  of  the  average  spectral  peak  positions  for  each  sample,  along  with  their  magnitudes,  are  shown  in  Table  3. 
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Table  3:  The  summary  of  the  average  spectral  peak  positions  for  each  sample,  along  with  their  magnitudes. 


Minimal 
position,  nm 

Maximal 
position,  nm 

Average 
position,  nm 

The  shift 
compared  to 
pure  QD  sample, 
nm 

The  shift  com  pared  to  initial 
conjugated  sample,  nm 

Initial 

705nm  QD 

702 

714 

708 

N/A 

N/A 

Initial  PSA 
QD 

694 

703 

702 

Max:  20 

Average:  10 

N/A 

Stored 
705nm  QD 

701 

712 

704 

N/A 

N/A 

Stored  PSA 
QD 

673 

700 

681 

Max:  40 

Average:  35 

Max:30 

Average:25 

3.1.7.  Agarose  gel  electrophoresis  represents  an  easy,  inexpensive  and  reli  able  method  to  verify  the  conjugation  of  QDs 
to  different  monoclonal  ABs.  One  QD  molecule,  covered  with  all  layers,  has  a  molecular  weight  about  750  KDa,  which  is 
larger  in  comparison  to  A  B  molecules  being  in  the  weight  range  of  20-  55  KDa.  One  QD  molecule  could  attach  2-3  AB 
molecules,  therefore  we  should  see  a  d  ifference  in  the  elect  ric  field  drift  and  separation  of  the  750KDa  pure  QDs  and 
800-850KDa  conjugated  QDs  This  task  requires  careful  optim  ization  of  the  experim  ental  conditions  to  im  prove  the 
separation  distance  in  gel. 

We  used  2%  agarose  gel,  applied  voltages  up  to  1.5V  and  running  time  up  to  2  hours.  In  figure  12  the  agarose  gel  image 
is  shown  after  120  m  in  of  running  time.  Here  the  retardation  in  movement  between  the  pure  705nm  QDs  and  conjugated 
705nm  QDs  is  evident  (compare  wells  #1  and  #2;  #5  and  #6).  In  this  image  pure  ABs  mixed  with  Fluorescamine  (wells 
#3  and  #7)  have  already  run  out  of  the  gel,  and  only  the  trace  PL  from  them  could  be  seen  in  well  #3.  Molecular  weight 
of  the  PSA  molecule  is  32-33  kDa,  while  the  one  for  IL6  is  22-28kDa.  It  is  logical  to  assume  that  QDs  conjugated  to  IL6 
molecule  will  move  faster  than  these  co  njugated  to  PSA,  b  ecause  of  the  size  di  fference.  Th  is  hypothesis  is  confir  med 
(wells  2  and  6):  the  PSA  movement  is  retarded  in  com  parison  to  IL6  m  ovement.  Als  o,  the  trace  of  the  PSA + 
Fluorescamine  PL  i  s  visib  le  in  w  ell  3,  while  no  P  L  could  be  observed  for  t  he  116  molecule,  where  there’ s  an  IL6  + 
Fluorescamine  mixture.  Therefore,  the  separation  capacity  of  the  agarose  gel  is  high  enough  for  this  type  of  application. 


Figure  11:  Agarose  gel  electrophoresis  photograph,  2%  agarose  gel,  1.5V, 
120  mins  running  time,  0.5xTBE  running  buffer.  Wells  are  as  follows:  (1) 
non-conjugated  705nm  QDs;  (2)  PSA  conjugated  to  705nm  QDs;  (3)  PSA 
pure  protein  +  Fluorescamine,  (4)  empty,  (5)  non-conjugated  705nm  QDs, 
(6)  IL6  con  jugated  to  705nm  QDs,  and  (7)  IL6  pure  pr  otein  + 
Fluorescamine. 


In  every  bio  logical  procedure,  tim  ing  is  an  im  portant  optio  n,  a  nd  it  is 
highly  desirable  to  minimize  the  running  time.  Therefore,  the  gel  which  is 
shown  on  Figure  11,  was  analyzed  30mins  after  the  run  cycle  started.  The 
result  is  shown  on  Figure  12. 
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Figure  1  2:  Agarose  gel  electrophor  esis  photogr  aph,  2% 
agarose  gel,  1.5V,  30  m  ins  running  time,  0.5xTBE  r  unning 
buffer.  Wells  are  as  foil  ows:  (1)  non-conjugated  705nm 
QDs;  (2)  PSA  conjugated  to  705nm  QDs;  (3)  PSA  pure 
protein  +  Fluorescam  ine,  (4)  em  pty,  (5)  non-conjugated 
705nm  QDs,  (6)  IL6  conjugated  to  705nm  QDs,  and  (7)  IL6 
pure  protein  +  Fluorescamine. 


By  comparing  wells  #  1  and  2;  and  #  5  and  6,  it  i  s  evident  that  30m  ins  is  not  enoug  h  for  the  co  mplete  separation  of 
conjugated  and  nonconjugated  QDs.  Flowever,  the  30m  ins  gel  al  lows  the  clear  visualization  of  pure  PSA  (well  #3)  and 
IL6  (well  #7)  antibodies,  mixed  with  fluorescamine.  It  is  evident,  that  because  of  their  smaller  size  they  run  much  faster  in 
a  gel. 

So,  the  folio  wing  agarose  gel  specifications  are  proposed  to  be  optim  um  fo  r  CdSe/ZnS  QDs  +  various  antibodies 
conjugation  verification:  2%  agarose  gel,  1.5V,  120  mins  running  time,  0.5xTBE  running  buffer.  The  amount  of  time  may 
be  increased  15-30  mins  if  the  satisfactory  enough  separation  is  not  achieved  within  the  120  minutes  slot. 

3.1.8.  Ultrasonication 

We  have  exposed  dried  conjugated  to  anti-PSA  and  non-conjugated  (pure)  605nm  QDs  to  ultrasonication,  in  an  attempt  to 
speed  up  formation  of  the  “blue”  spectral  shift.  As  seen  on  the  Figure  13,  no  significant  difference  was  noted  between  the 
ultrasonicated  and  non-ult  rasonicated  QDs  in  a  relevant  category.  It  is  noteworth  y,  howev  er,  that  there  was  substantial 

(~50nm)  overall  spectral  shift  between  conjugated  and  pure 
QDs. 


Figure  13:  The  influence  of  ultrasonication  on  the  conjugated  to 
anti-PSA  an  d  pure  (non-  conjugated)  605  nm  (6050  A)  QDs, 
obtained  from  Invitrogen. 


3.1.9.  QD  samples  dried  on  the  other  substrates 

Different  substances  were  tried  as  substrates  for  dry  ing  of  QD  samples.  In  every  case,  th  e  silicon  sample  served  as  a 
control.  The  initial  hy  pothesis  was  such  that  more  porous  ,  less  dense  substrates  may  influence  the  spectral  shift 
magnitude,  as  they  influence  the  dry  ing  kinetics  of  the  drops .  The  first  experiment  included  four  substrates  -  Si,  SiC, 
Quartz  and  rubber.  All  sa  mples  were  dried  at  room  ambience  for  12  da  ys.  The  increased  t  emperature  was  not  used  t  o 
enhance  the  shift,  as  rubber  may  melt.  From  the  Figure  14  it  is  obvious  that  rubber  sample  had  a  very  small  (at  most  4nm) 
blue  shift  in  comparison  to  the  three  other  substrates  which  developed  a  standard  “blue”  sift  of  the  comparable  magnitude. 
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Figure  14:  The  relative  “blue”  shift  ofthe  705nm  QDs, 
bioconjugated  to  PSA  antibod  ies,  dried  on  the  different 
substrates. 

Similar  results  were  obtained  with  the  C  MP  pad  which  has  a 
continuous  porosity  in  its  structure  and  is  therefore  si  milar  to 
rubber  (Figu  re  15).  The  conjugated  to  PSA  70  5nm  QD 
sample,  dried  on  silicon,  deve  loped  approxim  ately  28nm 
“blue”  shift,  while  the  CMP  pad  sample  is  just  ab  out  4-5nm 
in  com  parison  to  pure  70  5nm  QD  sam  pie.  The  difference 
between  the  silicon  and  CMP  sam  pies  is,  therefore,  about 
23nm.  These  experim  ents  allowed  us  to  make  a  co  nclusion 
that  the  substrate’s  porosity  ,  densit  y  and  possibly  other 
qualities  have  a  noticeable  effect  on  the  shift  magnitude.  This 
data,  along  with  the  high  and  low  temperature  data,  allows  to 
draw  a  conclusion  that  the  “blue”  shift  of  bioconjugated  QDs 
is  probabl  y  caused  by  the  particularities  of  the  dry  ing 
process. 


Figure  15:  T  he  blue  shift  of  the  conju  gated  to  PSA  sam  pie 
(stars)  in  comparison  to  pure  QD  sample  (rounds)  after  the  10 
days  of  stor  age  at  room  am  bience.  The  silicon  (closed 
shapes)  conjugated  sample  performed  a  23nm  bigger  “blue” 
shift  in  comparison  to  t  he  rubber  (op  en  shapes)  conjugate  d 
sample. 


3.1.10.  Various  ambienc  es  -  vacuum,  argon,  nitr  ogen  and  oxygen,  increased  moistu  re  In  order  to  establish  the 
possible  influence  of  some  environmental  conditions  on  the  sh  ift,  the  two  identical  QD  sam  pies,  pure  and  conjugated  to 
CAVl  antibodies,  were  stored  for  10-13  hours  and  measured  hourly  or  every  other  hour.  In  order  to  speed  up  t  he  shift 
development  and  shorten  t  he  experiment  time  to  hours  instead  of  day  s,  the  50C  storage  te  mperature  was  applied.  Thi  s 
temperature  is  not  enough  to  denature  th  e  proteins,  but  it  is  good  in  elevating  the  shift  development.  The  room  controls 
were  stored  at  room  ambience,  under  co  nstant  50C  temperature,  and  the  sam  pies  were  held  in  closed  metallic  boxes  in 
constant  gas/moisture/vacuum  environments  and  u  nder  constant  50C  tem  perature.  The  sam  pies  were  taken  out  for  the 
measurement  which  did  not  take  Ion  ger  than  10m  ins  a  day  .  T  he  results  are  s  hown  on  Figure  16.  It  is  clear,  that  no 
statistically  im  portant  influence  of  the  ox  ygen,  m  oisture,  argon,  nitrogen  an  d  vacuum  on  the  blue  spectral  shift  was 
recorder.  Nonconjugated,  pure  705nm  QDs  don’t  seem  to  be  affect  ed  as  well.  Based  on  these  results,  we  conclude  that 
chemical  interaction  of  the  QD-AB  with  gas  molecules  plays  a  negligible  role  in  the  observed  effect. 
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Figure  1 6:  The  blue  shift  of  the  conjugated  to  CAV1  sa  mple  (stars)  in  comparison  to  pure  QD  sample  (rounds)  after 
the  10-13  hours  of  storage  under  50C.  No  noticeable  influe  nee  of  the  follow  ing  conditions  (closed  shapes)  on  th  e 
“blue”  spectral  shift  was  noticed  in  co  mparison  to  identical  room  ambience  controls  (open  shapes):  A  -  oxygen;  B  - 
increased  moisture;  C  -  vacuum;  D  -  nitrogen;  E  -  Argon. 


3.1.11  TEM  visualization  of  pure  and  bioconjugated  705nm  QDs 

Quantum  dots,  possessing  the  size  of  at  most  12nm,  are  hard  to  visualize  with  other 
techniques,  however,  with  the  TEM  technique  they  can  successfully  be  visualized.  In 
this  work,  Transmission  Electron  Microscope  Tecnai  T20  with  the  line  resolution  of 
1.2  A  and  electronic  images  captured  using  Orius  831  7  MP  CCD  camera.  The  TEM 
analysis  of  pure  and  conjugated  705nm  QDs  was  conducted.  It  revealed  an  ellip  soid 
shape  approximately  1 1x6  nm  +/-  0.5nm  (Fig  17). 


Figure  17:  TEM  image  of  the  individual 
705nm  CdSeTe/ZnS  core/shell  quantum  dot. 
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TEM  analy  sis  of  conjug  ated  to  Ca  veolin-1  (CAV-1)  Anribodies  was  also 
performed  in  order  to  est  ablish  any  size/  shape  differences  with  the  pure  QD  s. 
The  Figure  of  bioconjugated  QDs  is  shown  on  Fig  18. 


Figure  18:  705nm  QDs,  conjugated  to  CAV-1  antibodies. 

According  to  the  pictures,  no  significant  differences  betwe  en  pure  and 
bioconjugated  QDs  was  found  .  This  analysis,  however,  provides  important  data 
that  the  short  wavelength  “Blue”  spectral  shift  of  bioconjugated  QDs  is  no  t 
because  of  the  size  decrease  or  shape  change  resulting  from  the  bioconjugation 
reaction  directly. 


3.  2.  Conclusions  “Sandwich”  EFISA  bimolecular  tool  enhanced  with  conjugated  705nm  QDs  instead  of  commonly  used 
luminescent  dyes  was  e  mployed  to  detect  a  PSA  A  G  in  th  e  concentration  range  from  0.01  to  1.0  ng/ml.  Three  EFISA 
wells  with  AG  concentrations  1.0,  0.  1  and  0.01  n  g/ml  shows  the  PF  peak,  originated  from  the  conjugated  QDs  in  the 
sandwich  structure  with  correspondin  g  AG  (PSA).  The  cont  rol  well  without  AG  molecules  shows  a  negligible  QD  PF 
intensity.  A  short-wavelength,  blue  PF  spectral  shift  was  observed  on  all  EFISA  wells,  utilizing  conjugated  QDs,  and  the 
values  of  this  spectral  shift  (13-37  nm)  were  enhanced  in  comparison  to  the  same  QDs,  conjugated  to  PS  A  AB,  dried  o  n 
silicon  substrate  (2-26nm ).  This  fact  was  attributed  t  o  effective  washing  of  nonconjugated  QDs  from  the  EFISA  wells, 
which  are  always  present  in  a  conjugate  mixture  and  therefore  contribute  to  an  average  PF  of  the  dried  QD  samples.  In 
addition,  a  negative  correlation  was  observed  between  an  av  erage  “blue”  PF  spectral  position  and  AG  concentration.  The 
origin  of  t  his  effect  is  under  investigation  and  pr  esumably  attributed  to  decreasing  of  elastic  stress  at  higher  AG 
concentrtaions.  If  confirmed,  this  will  benefit  the  ultralow  limits  of  detection  for  biom  olecules,  because  “blue”  spectral 
shift  will  increase  with  AG  concentration  decreasing,  making  it  easier  to  distinguish  between  PF  com  ing  fro  m 
“sandwiches”  and  possible  traces  of  nonconjuga  ted  QDs  or  other  contam  ination  at  ultralow  concentrations  of  a  target 

molecule.  Th  is  effe  ct  wil  1  also  be  us  eful  in  predicting  the 
unknown  biomolecule  concentration  based  on  the  spectral  shift 
position  alone,  eliminating  a  need  for  PF  intensity  assessment. 
The  results  of  this  research  could  lead  to  critical  i  mprovements 
for  in  vitro  cancer  antigen  detection  sensitivit  y  using  the  QD 
luminescent  tagging  technique. 

Figure  19:  Normalized  plot  of  EFISA  signals  perform  ed  with 
lx,  2x  an  d  4x  diluted  conjugated  705nm  QDs  and  PSA 
antibody.  Wells  incubated  with  IX  diluted  (no  diluti  on) 
conjugated  QD  produce  a  well-defined,  recordable  signal. 
However  the  wells  incubated  w  ith  2X  diluted  conj  ugated  QD 
does  not  pro  duce  a  reliable  si  gnal  (althoug  h  some  signal  is 
visible,  the  low  signal-to-noise  ratio  renders  it  use  less).  The 
wells  incubated  with  4X  diluted  conjugated  QD  do  not  produce 
any  recordable  signal. 
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However,  the  cost  of  QDs  and  antib  odies  together  is  approx.  $800.  From  this  two  conjugati  ons  can  be  p  erformed.  This 
results  in  only  a  sm  all  volum  e  of  conjugated  QD-AB  and  we  can  assay  only  about  six  sam  pies.  We  performed 
experiments  with  different  dilutions  of  the  QD-AB  conjugate  of  1:4  and  1:2  to  determine  if  the  QD-AB  solution  could  be 
diluted  but  would  still  reveal  detection  of  the  proteins.  However,  the  results  were  inconsistent  and  2x  dilutions  or  greater 
showed  limited  conjugation  (see  Figure  19). 

3.3.  Utiliz  ation  of  additi  onal  nanote  chnologies:  In  the  last  an  nual  report  we  revealed  our  interest  in  explorin  g  two 
additional  nanotechnologi  es.  Micro flui  die  devices  and  Su  rface  enhanced  Raman  scatteri  ng  (Zhang  Lab.).  We  have 
proceeded  wi  th  the  former  technology  .  We  have  in  eluded  two  very  experie  need  and  well  published  researchers  Dr. 
Shekhar  Bhansali  who  also  previously  integrated  PSA  into  a  m  icrofluidic  device  for  prostate  (and  other)  c  ancer  detection 
[10-16]  and  Dr.  Weihong  Tan  who  is  already  performing  the  Cell-SELEX  in  prostate  cancer  and  has  identified  aptam  ers 
to  prostate  cancer  cell  surface  proteins.  We  have  been  awarded  funds  to  perform  research  with  Dr.  Tan.  However,  in  t  his 
study  we  focused  on  the  utilization  of  microfluidic  devices.  This  is  within  the  scope  of  the  Specific  Ai  ms  in  this  proposal 
and  we  modified  the  Statement  of  Work  to  reflect  this  new  direction. 

3.4.  Testing  of  candidate  biom  arkers:  We  had  chosen  six  candidate  biomarke  rs  based  on  the  literature  (PSA,  KLK2, 
KLK14,  OPG,  anti-P53  antibodies,  IL6  and  CAV-1).  We  te  sted  these  bi  omarkers  for  their  ease  o  f  conjugation  to 
nanoparticles  and  nanowires  as  well  as  their  effectiveness  as  biomarkers  for  early  prostate  cancer  detection  in  plasma  from 
the  African  American  men  using  classical  ELISA  as  well  as  QD-associated  ELISA. 

KLK2  and  KLK14  antib  odies  proved  technically  difficult  to  co  njugate  and  were  not  availa  ble  in  an  d  ELISA  kit  so  we 
excluded  them  from  the  analysis. 

Anti-P53  antibodies  were  easy  to  conjugate  but  unfortunately  were  identified  a  t  higher  levels  in  contr  ols  compared  to 
cases  (see  Table  4).  The  most  suitable  biomarker  would  be  one  which  is  increasing  in  concentration  as  the  stage  of  cancer 
increase  and  increases  compare  to  control  levels. 

OPG,  IL6  an  d  CAV-1  sho  wed  very  similar  levels  in  the  plas  ma  from  cases  and  controls  so  cut-off  poi  nts  could  not  be 
determined  (see  Table  4  and  5). 


Table  4:  Serum  concentrations  of  candidate  biomarkers 


# 

PCa  status 

PSA, 

ng/ml 

P53,  U/ml 

OPG, 

pg/ml 

1 

+ 

2.4 

n/d 

756 

2 

+ 

2.6 

n/d 

958 

4 

+ 

3.93 

n/d 

1141 

5 

+ 

4.4 

n/d 

842 

7 

- 

1.6 

n/d 

840 

8 

- 

<0.5  (n/d) 

n/d 

699 

9 

+ 

5.93 

4.1 

483 

10 

+ 

2.63 

15.4 

951 

12 

+ 

0.8 

n/d 

771 

13 

+ 

40.67 

n/d 

1002 

14 

+ 

4.13 

n/d 

1116 

15 

+ 

1.47 

n/d 

2484 

16 

+ 

4.27 

5.2 

822 

17 

+ 

4.8 

n/d 

876 

18 

+ 

5.27 

n/d 

1050 

20 

+ 

4.47 

n/d 

1926 

21 

+ 

14.27 

n/d 

1095 

22 

- 

3.53 

n/d 

972 

23 

- 

4.4 

n/d 

1491 

24 

- 

0.6 

n/d 

987 

25 

+ 

2.27 

n/d 

1299 

26 

+ 

12.87 

n/d 

1020 

27 

+ 

4.4 

4.8 

720 

21 


28 

+ 

14.8 

3.7 

1524 

29 

- 

<0.5  (n/d) 

8 

558 

30 

+ 

3.8 

n/d 

630 

31 

+ 

2.8 

n/d 

717 

33 

- 

2.27 

n/d 

1254 

34 

- 

0.47 

n/d 

417 

35 

+ 

1.4 

n/d 

669 

36 

- 

1.8 

n/d 

882 

37 

+ 

3.87 

3.6 

612 

38 

+ 

12.1 

n/d 

1170 

39 

- 

2.93 

n/d 

849 

42 

+ 

2.0 

n/d 

864 

43 

- 

0.87 

n/d 

942 

45 

+ 

2.92 

n/d 

943 

46 

- 

<0.5  (n/d) 

n/d 

876 

48 

- 

0.9 

n/d 

861 

49 

- 

1.13 

141.7 

633 

50 

- 

0.67 

4.2 

804 

51 

- 

0.80 

n/d 

1074 

52 

- 

0.53 

35.7 

879 

53 

- 

N/A 

n/d 

492 

54 

- 

<0.5  (n/d) 

n/d 

2001 

55 

- 

<0.5  (n/d) 

n/d 

612 

56 

- 

1.07 

n/d 

384 

57 

- 

<0.5 

n/d 

789 

58 

- 

<0.5 

4.1 

846 

59 

- 

1.4 

n/d 

915 

60 

- 

<0.5  (n/d) 

n/d 

936 

61 

- 

1.13 

N/A 

N/A 

62 

- 

0.67 

4.6 

648 

68 

+ 

2.93 

5.7 

714 

81 

+ 

4.67 

5.1 

678 

83 

- 

5.27 

n/d 

1116 

85 

+ 

4.27 

n/d 

705 

86 

- 

<0.5  (n/d) 

n/d 

930 

87 

- 

<0.5  (n/d) 

7.8 

804 

88 

- 

0.6 

3.6 

489 

90 

- 

<0.5  (n/d) 

N/A 

N/A 

91 

- 

3.1 

5.7 

N/A 

Table  5:  Expression  ol 

f  biomarkers 

PSA 

P53 

OPG 

Total  tested 

61 

60 

59 

Cases  + 

29 

28 

29 

Controls  - 

32 

32 

30 

Expression  detected 
(ED)  total 

52  (85%) 

15  (25%) 

59  (100%) 

ED  cases 

29  (100%) 

8  (29%) 

29  (100%) 

ED  controls 

24  (75%) 

7  (22%) 

30  (100%) 

Average  cases 

6.1  ng/ml 

6.12  u/ml 

0.984  ng/ml 

Average  controls 

1.1  ng/ml 

25.99  u/ml 

0.866  ng/ml 

Test  case  of  29  cases  and  33  controls,  62  total 
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P53:  60  samples  tested,  15  have  detectable  p53  expression,  including  8  cases  and  7  controls.  The  average  expression  for 
cases  is  6.12  u/ml,  and  25.99  u/ml  for  controls  (see  Table  5). 

OPG:  59  samples  tested,  59  (all)  have  detectable  p53  expression.  The  average  expression  for  cases  (29)  is  984  pg/ml,  and 
866  pg/ml  for  controls  (30)  (see  Table  5). 

PSA:  61  samples  tested,  9  have  no  detectable  PSA  (<0.5  ng/ml),  all  controls.  Average  PSA  for  cases  (29)  is  6.1  ng/ml,  and 
1.1  ng/ml  for  controls  (32),  including  those  with  undetectable  PSA  levels  (see  Table  5). 

Statistical  analysis  was  performed  on  patient  data  obtained  from  the  questionnaire.  Results  can  be  found  in  Table  1. 

3.5.  To  develop  microfluidic  device  biosensors:  The  chosen  antibodies  will  be  imm  obilized  onto  a  gold  nanowire 
biosensor  surface  with  electrochemical  detection.  Upon  protein  binding,  changes  in  the  electrical  properties  in  the  vicinity 
of  an  electrode  are  detected. 

Electrochemical  sensors  is  a  new  and  promising  group  of  sensing  devices,  allowing  increased  sensitivities  in  conjunction 
with  lower  cost,  low  analy  sis  tim  es,  miniaturized  and  affo  rdable  platform  s  [17-24].  There  are  nu  merous  detection 
techniques,  currently  being  research  ed  towards  an  a  pplication  in  electrochemical  sensors,  which  are  de  scribed  in  detail 
elsewhere  [25-34].  Among  them.  Electrochemical  impedance  spectroscopy  (EIS)  is  a  powerful  and  sensitive  technique  to 
characterize  surface-modified  electrodes  and  for  the  investiga  tion  of  electrochemical  systems  and  process  es  [35-37].  In 
this  paper,  we  report  on  a  successful  fabrication  of  an  im  pedance-based  miniaturized  biosensor  (Im  p-sens)  an  d  its 
application  for  an  ultrasensitive  PSA  detection  in  s  tandard  and  real  human  plasma  solution,  spiked  with  different  PSA 
concentrations.  The  Imp-sens  exhibited  the  sensitivity  of  1  pg  /ml  for  PSA  which  is  at  least  10  tim  es  lower  than  any  most 
sensitive  co  mmercial  EL  ISA  on  the  market.  An  average  detect  ion  tim  e  with  Imp-sens  for  one  sam  pie  is  ~45  minutes, 
compared  to  at  least  2.5  hours  with  a  standard  ELISA.  Successful  approach  to  minimize  the  non-specific  binding  (NSB) 
issue  has  been  attem  pted.  The  Im  p-sens  novel  technique  m  ay  open  an  era  of  research  gear  ed  towards  ultransensitive, 
inexpensive  and  convenient  testing  procedures. 

3.5.1.  Chemicals  and  reagents 

Dithiobis(succinimidyl  pr  opionate)  (D  TSP)  and  sodium  borohydride  (NaBH  4)  wer  e  purchased  fro  m  ThermoFisher 
Scientific.  Purified  PSA  protein  (product  #  7820-0604),  Monoclonal  PSA  antibody  (anti-PSA,  Mab,  product  #  7820-0217) 
and  m  onoclonal  cortisol  antibod  y  (pr  oduct  #  2330-4839)  were  procured  from  Abd  Serotec.  Phosphate  buffered  saline 
(PBS)  tablets  were  purchased  from  Sigma  Aldrich.  SU-8  resist  was  purchased  from  Microchem  Corp.  All  other  chemicals 
were  of  analytical  grade  and  were  used  without  fur  ther  purification.  PBS  solution  (1  0  mM,  pH  7.4)  was  prepared  by 
dissolving  1  tablet  in  200  ml  of  deionized  water.  Working  solutions  of  both  t  he  PSA,  anti-PSA  and  anti-cortisol  were 
prepared  by  dilution  in  PBS  (10  mM,  pH  7.4). 

3.5.2.  Measurement  and  apparatus 

Electrochemical  impedance  spectroscopy  (EIS)  was  utilized  to  characterize  the  -EA/Mab/DTSP/IDpE  bi  o-electrodes  and 
to  estimate  PSA  concentration.  EIS  measurements  were  carried  out  at  equilibrium  potential  without  external  biasing  in  the 
frequency  range  of  0.5-1 05  Hz  with  a  5  mV  amplitude  using  Autolab  Potentiostat/Galvanostat  (Eco  Chemie,  Netherlands). 
EIS  measurements  were  carried  out  using  65  p  1  of  PBS  so  lution  (10  m  M,  pH  7.4)  containing  a  mixture  of  5  mM 
Fe(CN)A6  (Ferrocyanide)  and  5  mM  of  Fe(CN)\  (Fcrricyanidc)  i.c.  5  mM  Fe(CN)\  4  as  a  redox  probe.  Using  the 

redox  probe  (5  mMFe(CiV)^/4_),  change  in  charge  transf  er  resistance  (Rct)  at  electrode/electroly  te  interface  has  been 
investigated  in  electrochemical  impedance. 

3.5.3.  Test  chip  fabrication 

The  Imp-sens  chips  were  fabricated  o  n  an  oxidized  4”  s  ilicon  wafer  using  standard  photolithography  techniques  [36]. 
Briefly,  Cr/Au  (200/2000  A)  layers  deposited  using  e-beam  evaporation  and  were  patterned  through  liftoff.  IDpE  with 
5pm  wide  electrode  fingers  at  a  pitch  of  10  p  m  were  used.  As  a  final  step,  SU8  chamber  patterned  around  the  electrodes 
using  the  SU8  50  to  creat  e  a  sample  well  around  these  electrodes  (Fig  20A).  Further  SU8  was  hard  bak  ed  at  200  °C  to 
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improve  its  resistance  against  hard  solvents  like  acetone.  Figure  20B  reveals  the  actual  photograph  of  an  Imp-sens  reagent 
chamber  under  optical  microscope  (10X). 


A 


(a) 


(e) 


(0 


(K) 


(h) 


■ 


. 


B 


Figure  20:  A:  I  mp-sens  fabrication  process  flow:  ( a)  RCA  clean  Si  wafer,  (b)  thermal  oxidation  to  grow  500  nm  Si02  as 
an  insulation  layer,  (c)  apply  photoresist,  (d)  expose  and  pattern  photoresist,  (d)  deposit  Au  using  electron  beam  (e-beam) 
evaporator  with  thickness  of  200  nm  and  then  lift-  off  photoresist  to  get  pattern  Au  electrodes,  (f)  appl  y  photoresist,  (g) 
pattern  photoresist,  and  (h)  finall  y  despite  Ag  using  e-beam  evaporator  with  t  hickness  of  300  nm  and  lift-off  is  used  to 
remove  photoresist  and  metal  on  top  of  it. 

B:  Imp-sens  actual  view  under  the  m  icroscope  (10  X):  l.g  old  working  interdigitated  electrodes;  2.  si  lver  referenc  e 
electrode;  3.  gold  counter  electrode;  4.  the  SU8  reagent  chamber. 


3.5.4.  Self-assembled  monolayer  (SAM)  preparation  and  antibody  immobilization 

The  Imp-sens  chips  were  pre-cleaned  with  acetone,  isopropyl  alcohol,  and  de-ionized  water,  and  expose  d  to  2  m  g  ml'1 
solution  of  DTSP  in  acetone  for  lhr  for  SAM  form  ation.  DTSP  solution  was  first  reduced  using  NaBH4  and  then 

dispensed  on  the  pre-cleaned 
chips  at  room  temperature.  The 
DTSP  SAM  modified 

electrodes  were  then  rinsed  with 
acetone  to  remove  any  unbound 
DTSP  followed  by  water  rinsing 
and  utilized  for  ant  ibody 

immobilization.  PSA  anti  bodies 
were  covalently  attached  to 
DTSP  self-assembled 
monolayer  by  incu  bating  the 
electrode  in  65  p  1  of  1  p  g  ml"1 
antibody  in  PBS  solution  (10 
mM,  pH  7.4),  for  1  hr.  Covalent 
binding  (amide  bond  formation) 
results  fro  m  the  facile  reaction 
between  amino  grou  p  o  f 
antibody  and  reactive 
succinimidyl  group  of  the  DTSP 
on  the  SAM  surface.  The  sensor 
(Mab/DTSP/IDpE)  was  washed 
thoroughly  with  PBS  (1  0  mM, 
pH  7.4)  to  remove  any  unbound 


•  SAM 

-<  Capture  antibody 

#  Target  biomarker 


B 

Figure  21  schematically  illustrates  (a)  IDpE  chip,  (b)  Schematic  illustration  of  step- 
by-step  immunochem  ical  reaction  on  the  el  ectrode  surfaces,  and  (c)  Proposed 
detection  syste  m.  The  f  abricated  bi  o-electrodes  were  characterized  using  the 
electrochemical  impedance  technique.  Each  sample  was  run  in  tri  plicates  to  ensure 
repeatability,  and  an  average  result  of  three  runs  was  used. 
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biomolecules  followed  by  a  10  min  washing  with  ethanolamine  (EA)  (1%)  EA  was  used  to  block  unreacted  succinimidyl 
group  on  DTSP  SAM  and  to  remove  extra  unbound  antibodies  onto  the  electrode  surface. 

3.5.5.  Electrochemical  impedance  studies 

Electrochemical  i  mpedance  spectroscopy  (EIS)  is  a  powerful  and  sensitive  technique  t  o  characterize  sur  face-modified 
electrodes  and  for  the  investigation  of  electrochemical  systems  and  processes  [35,  38].  It  uses  periodic  small  am  plitude 
AC  signal  over  wide  frequency  range  to  measure  resistive  and  capacitive  respo  nse  of  materials  [39-40].  EIS  respond  to 
change  caused  by  binding  of  analyte  to  bio-recognition  ele  ments  immobilized  on  the  surface  of  the  elect  rodes.  Nyquist 
plots  of  impedance  spectra  in  present  studies  have  been  explo  ited  to  study  (i)  change  in  charge  transfer  res  istance  (Rct)  at 
sensor-solution  interfaces  after  DTSP  SAM  formation,  Mab  binding  and  EA  blocking,  (ii)  the  change  of  charge  resistance 
with  changing  concentration  of  PSA.  All  EIS  spec  tra  we  re  recorded  in  PB  S(10m  M,  pEl  7.4)  cont  aining  5  mM 

Fe(CN)l~  as  a  redox  probe. 
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Figure  22:  Imp-sens  initial  test  with  PSA,  diluted  in  PBS.  A:  EIS  spectra;  B.  Normalized  curve  for  data  obtained  from  EIS 
studies  for  different  PSA  concentrations. 


3.5.6.  Sample  collection  and  storage 

Eluman  serum/plasma  samples,  prospectively  collected  by  Dr.  Phelan’s  lab  at  Moffitt  Cancer  Center  and  participating 
clinics,  were  used  in  this  study.  These  samples  were  obtained  from  African-American  males,  either  positive  for  (cases),  or 
having  no  clinical  evidence  (controls)  of,  PCa.  There  was  no  record  of  other  cancers  available  for  these  patients.  Informed 
consent  was  obtained  from  all  subjects  at  ti  me  of  blood  dr  aw.  In  the  present  work,  researchers  wer  e  not  aware  of  any 
personal  identifiers,  associated  with  the  human  samples. 

Samples  were  labeled,  aliquoted  an  d  stored  at  deep  freezer  (-80°  C)  until  further  usage  acco  rding  to  the  Moffitt  Cancer 
Center  guidelines  [41].  All  procedures  with  the  samples  were  completed  within  the  30  minutes  since  the  blood  draw.  No 
sample  have  undergone  more  than  2  freeze-thaw  cycles.  All  samples  were  tested  for  PSA  and  the  values  were  recorded. 

3.5.7.  Imp-sens  test  with  the  PSA  solutions  in  PBS 

Imp-sens  was  initially  utilized  to  detect  PSA  molecules  in  PBS  in  the  concentration  range  lpg/nl  -  10  ng/ml  (Fig.  23A). 
This  range  was  chosen  empirically,  based  on  the  interest  for  meeting  both  current  needs  in  PSA  sensitivit  y  (usually  up  to 
10  ng/m  1  in  clinics)  and  establishing  the  lower  d  etection  th  reshold.  For  each  concentr  ation,  the  bio-electrode  was 
incubated  in  PSA  solution  for  30  m  inutes,  followed  by  PBS  washing  and  EIS  spectra  recording  using  PBS  (10  mM,  pFI 
7.4)  containing  5  m  M  Fe(CN)\ ~/4~  as  a  redox  probe.  From  Fig  3a,  it  is  clear  that  R  ct  (diameter  of  the  Ny  quist  plots) 
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increases  with  increasing  PSA  concentration.  The  increas  e  in  Rct  is  attributed  to  the  binding  of  PSA  to  i  mmobilized  anti- 
PSA  on  bio-  electrode,  producing  a  p  acked  lay  er  that  deer  eases  the  electron  transfer  fo  r  redox  prob  e.  For  sensing 
application  relative  change  in  EIS  data  have  more  significant  information  than  ab  solute  value.  Graph  bet  ween  change  in 
Rct  values  and  the  logarithm  of  PSA  co  ncentrations  reveals  linear  detection  range  for  PSA  con  centrations  in  the  range  of 
lpg/ml  to  10  ng/ml  (Figure  23B). 

Though  the  im  pedance  of  all  electrodes  fabr  icated  in  the  same  batch  can  be  ex  pected  to  be  the  same,  lack  of  industrial 
scale  process  control  in  the  lab  le  ads  to  variations  in  impedance  of  individual  electrode  and  antibody  modified  electrode. 
In  order  to  confirm  that  o  bserved  change  in  im  pedance  was  due  to  surface  modification  and  not  due  to  superim  posed 
effects,  all  d  ata  was  normaliz  ed.  For  linear  r  ange  detecti  on,  normalization  was  achieved  by  pi  otting  [charge  transfer 
resistance  for  desired  concentration  (Rct  (C;))]/[charge  transfer  resistance  of  blank  EA/Mab/DTSP/IDpE  bio-electrode(Rct 
(C0))]  versus  logarithm  of  cortisol  concentration  (Fig  3b).  After  normalization,  all  electrodes  with  different  impedance  for 
bio-electrode  with  attached  antibody  exhibited  similar  response  within  the  4%  error  for  each  c  oncentration.  Fig  4b  shows 
normalized  data  curve  that  can  be  characterized  using  Rct  (Ci)/Rct  (C0)  =  7.50  +  0.579  log  Cpsa  (g/ml).  It  reveals  the  linear 
range  of  lpg/m  1  to  10  ng/m  1  with  the  correlation  coefficient  of  0.959.  Furt  her,  to  account  for  the  variation  in  initi  al 
impedance  values  for  individual  electrodes,  all  exper  iments  were  carried  out  using  a  step-by-step  approac  h  to  increasing 
PSA  concentration.  Similar  step-by-step  concentration  studies  have  been  reported  by  other  researchers  and  help  to  avoid 
superimposed  effects  of  multi  electrode  measurement  [42-45]. 


As  is  seen  If  om  the  Figure  23B,  the  correlation  coefficien  t  for  the  I  mp-sens  calibration  curve  is  0.959,  suggesting  a 
relatively  weak  linear  trend.  This  effect  was  attributed  to  th  e  interfering  effects  of  NSB  which  is  a  comm  on  obstacle  in  all 
bioassays,  employing  immunological  affinity  principles.  Figure  23  dem  onstrates  the  use  of  various  bloc  king  techniques 
and  their  effects  on  NSB  interference.  Blocking  buffers  were  obtained  from  Immunochemistry  Technologies,  LLC  and 
used  and  stored  according  to  m  anufacturer’s  instructions  .  General  Blocker  (BB1)  serve  d  as  a  general  strength,  and 
Neptune  Block  (BB2)  served  as  an  extra  st  rength  blocking  buffer.  These  buffers  were  specifically  designed  to  be  used  in 
the  ELISAs,  including  the  sandwich  ELISA. 


Figure  23:  Imp-sens  wit  h  PSA  with 
varying  blocking  buffers  and  30  m  inute 
and  60  m  inute  tim  e  points  show  no 
effect  on  NSB  intereference. 

A:  BB1  wash  for  30  min  and  EA  wash 
for  10  m  in.  B:  BB2  was  for  30  m  in. 
and  E A  was  for  1 0  min. 

C:  BB2  was  for  60  m  in.  and  EA  wash 
for  10  min.  D:  BB1  was  for  60  min.  and 
E A  was  for  1 0  min. 
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Ethanolamine  (EA)  is  wid  ely  used  as  a  non-specific  blocker  in  the  electrochemical  biosensors  .  It  also  has  a  capacity  to 
remove  any  non-immunologically  bound  proteins  that  may  have  agglomerated  on  the  surface.  We  studied  the  use  of  BBl 
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and  BB2  for  30  and  60  minutes,  followed  by  10  minutes  was  hing  in  1%  EA.  It  was  revealed  that  the  least  blocking 
technique  is  the  most  effective  (Figure  23). 

The  use  of  BB1,  BB2,  and  EA  as  blocking  age  nts  was  in  effective,  as  indicated  b  y  the  curves  correspondin  g  to 
substantially  different  PSA  concentrati  ons  producing  similar  or  very  close  impedance  signal  (Z)  (Figu  re  23).  The  NSB 
interference  effect  did  not  significantly  change  with  introducing  different  blocking  techniques  (see  Figure  23),  i  ncluding 
the  use  of  extra  strength  blocking  buffers  and  increased  bloc  king  times.  Surprisingly,  NSB  issues  were  better  controlle  d 
when  real  human  serum/plasma  sample  was  used. 

3.5.8.  Fluman  plasma  testing  with  Imp-sens 

In  the  effort  to  better  address  the  NSB  issues,  the  r  eal  plasma  sample  with  th  e  lowest  PSA  concentration  of  0.4  ng/ml, 
diluted  1000  times  with  P  BS,  was  used  as  a  diluent  (we  will  fu  rther  refer  to  this  as  si  mply  a  “diluent  ”).  It  is  initially 
hypothesized  that  a  human  plasma  sample,  even  when  substantially  diluted,  will  have  enough  proteins  to  block  the  initial 
electrode  and  minimize  subsequent  NSB  during  bioassays.  At  the  same  time,  PSA  concentration  was  kept  low  and  equal 
which  should  not  have  interfered  with  the  PSA  detection.  Using  diluted  plasma  sample  as  a  diluent  and  blocker  allowed  to 
mask  major  NSB  issues  and  shift  t  o  actual  com  plex  human  samples  without  t  he  loss  in  sensitivit  y  and  selectivity.  The 
diluent  was  subsequentl  y  spiked  with  di  fferent  PSA  concentrations.  1;  10  and  100  pg/ml  of  PSA  were  chosen  as  initial 
testing  points,  based  on  the  previous  results  (Figure  24). 


Figure  24:  PSA  sensing  b  y  im  pedance  technique.  BEK  =  electrode 
incubated  with  capture  PSA  antibody. 

Providing  that  PSA  concentration  i  n  base  solution  w  as  0.4pg/ml,  the  actual 
PSA  values  in  the  sam  pies  were  0.4;  1.4;  10.4;  and  100.4;  pg/ml.  “Zero”  or 
“blank”  electrode  impedance  reading  was  obtained  after  the  incubation  with 
anti-PSA.  As  mentioned  earlier,  all  sa  mples  we  re  tested  on  the  same 
electrode  using  the  low  to  high  concentration  testing  order.  Sim  ilar  studies 
were  performed  by  other  r  esearchers  an  d  are  convenient  for  the  r  eal  ti  me 
sensing.  The  results  are  shown  on  Figure  24.  There  is  a  clear  depe  ndence  of 
the  impedance  resistance  with  increasi  ng  PSA  concentration,  indicating  the 
PSA  binding.  Each  step  was  re  sumed  with  the  intense  PBS  w  ashing  to 
ensure  complete  removal  of  non-attached  molecules. 

An  overall  testing  procedure  schematic  with  Imp-sens,  used  in  the  experiment,  was  the  following:  1.  SAM  formation  on 
gold  electrode  (se  ction  #  2.4);  2.  Anti-PSA  incubation  +  wash  +  impedance  reading  (sections  #  2.4  and  3.1);  3.  Base 
solution  (“bl  ocker”,  0.4  p  g/ml  PSA)  incubation  +  wash  +  r  eading  (section  #  3.2.3);  4.  1  pg/ml  incubation  +  wash  + 

reading;  5.  10  pg/m  1  incubation  +  wash  +  read  ing;  6.  100  pg/ml 

incubation  +  wash  +  reading. 

Figure  25:  N  ormalized  cu  rve  for  data  obtained  fro  m  EIS  studies  for 
different  PSA  concentrations.  100  0  tim  es  diluted  human  plasm  a 

sample  was  used  as  a  blocker  and  a  d  iluent  to  control  NSB.  Base  (0.4 
pg/ml)  solution  reading  is  shown  instead  and  is  taken  as  a  zero.  As 
indicated,  there  is  a  stro  ng  linear  concentration  dependence  of  the 
impedance  increas  e  in  res  istance  w  ith  increased  PS  A  concentrat  ion. 
The  correlation  coefficient  for  this  experi  ment  was  0.995  which  is  an 
indicator  of  a  strong  linear  dependence. 


Plasma  sample  dopped  with  PSA,  pg/ml 

6000- 

5500- 

■ - 

5000- 

4500- 

4000- 

XX.  ""x 

intensity 

/X  \  \ 

\  1100.4 

1500- 

&  >  '*  *10.4  i 

1000- 

/  T  %  1.4  •  ' 

500- 

f  0.4  \  *  4 

0  - 

-500  — 

klk  (base) 

0  2000  4000  6000  8000  10000  12000 

Z,  Ohm 

27 


3.5.9.  Selective  binding  studies 

Selectivity  is  a  major  and  well-known  pitfall  in  the  biosensing  techniques,  based  on  the  imm  unological  principles.  To 
ensure  the  se  lectivity  of  PSA  binding,  the  cortisol  antibod  y  with  increasing  c  oncentrations  in  PBS  wer  e  tested  on  the 
electrodes,  covered  with  capture  anti-PSA.  Anti-cortisol  was  used  as  a  random  protein  which  m  ay  contrib  ute  to 
nonselective  binding.  0;  1;  10;  100  and  1000  pg/ml  of  anti-cortisol  in  PBS  was  used.  The  testing  was  done  in  exactly  same 
conditions.  The  results  are  shown  on  Figure  26.  There  is  a  slight  increase  of  resistance  with  increasi  ng  anti-cortis  ol 
concentrations,  however,  its  intensity  is  very  low,  compared  to  PSA  (15.5%  highest  increase  compared  to  312%  highest 
increase  for  PSA),  indicating  that  the  NSB  is  in  fact  pres  ent,  but  is  negligibly  small.  Further  assa  y  biochem  istry 
optimizations  may  lower  it  even  more. 


Figure  26:  The  interference  studies  of  Imp-sens.  Anti-cortisol  binding 
on  the  bio-electrodes  covered  with  anti-PSA. 

3.6.  Summary:  Task  3  completed 

3.7.Significance:  Im  p-sens,  a  novel  porta  ble  im  pedimetric 

electrochemical  immuno-sensor,  can  be  used  for  an  ultrasensitive  and 
selective  PSA  detection.  Im  p-sens  exhibits  linea  r  behavior  i  n  the 
concentration  range  lpg/ml  to  100  pg/  ml,  has  low  detection  limit  of  1 
pg/ml  which  is  at  least  1  0  times  lo  wer  than  a  stan  dard  commercially 
available,  most  sensitive  PSA  ELISA  kit  in  the  market.  An  average 
analysis  tim  e  was  45  mins  with  Im  p-sens.  The  sensor  was  found 
selective  against  cortisol  antibodies  in  the  concentrations  1  -  1000 
pg/ml  and  was  tested  as  a  proof  of  concept  with  the  human  plasma  sample,  spiked  with  increasing  PSA  concentrations. 

The  main  goal  of  this  work  was  to  establish  a  feasibility  of  using  an  Imp-sens  as  an  inexpensive,  reliable  sensing  device, 
suitable  for  p  oint-of-care  applications  capable  of  working  with  complex  bodily  fluids  like  saliva,  serum/plasma  or  urine. 
The  sensor  was  there  fore  tested  with  a  handful  of  samples  a  nd  statistical  analysis  was  out  of  the  scope  of  this  work. 
Achieving  statistically  significant  validation  of  Imp-sens  with  a  num  her  of  h  uman  serum/plasma  samples  is  being  t  he 
author’s  next  task. 

In  the  Future,  Im  p-sens  concept  will  be  further  expanded  to  va  lidate  and  characterize  the  sensor  for  PSA  detection  wi  th 
statistically  significant  amount  of  samples,  as  well  as  utilizing  it  for  detection  of  other  potential  PCa  biomarkers. 

Task  4.  To  derive  optimal  cutpoints  for  the  sensitivity  and  specificity  of  the  QD-conjugated  biomarkers  developed 
in  Aims  2  to  3  individually,  and  in  combination,  for  th  e  early  detection  of  prostate  cancer  in  African-American 
men.  (Months  26-36  ac  cording  to  Tim  eline).  Approach:  Assay  the  levels  of  the  indi  vidual  biom  arkers  in  seru  m 
samples  collected  during  PSA/DRE  screeni  ng  using  a  nested  case-  control  approach.  We  will  use  logistic  regression  and 
Receiver  Operator  Curves  to  define  the  cutpoints  that  collectively  define  the  optimal  performance  of  the  entire  panel. 

4.1.  Summary:  See  above.  Our  sample  size  is  rather  small  for  detailed  statistical  analysis. 

C.  Key  research  accomplishments 

1 .  Study  recruitment. 

2.  Established  database  including  demographic,  health,  risk  factor  and  psychosocial  data. 

3.  Established  tissue  collection  including  multiple  aliquots  of  plasma  and  sera  per  patient  and  pellet  for  DNA  extraction. 

4.  Exposure  in  the  press  regarding  the  study  and  press  conference  at  the  AACR  meeting.  The  press  coverage  continues 
and  our  study  was  highlighted  in  the  Department  of  Defense  annual  report. 

5.  Achieved  funding  for  a  further  year  of  study  using  aptamer  technology  and  microfluidic  devices. 

6.  Determined  the  most  reproducible  nanotechnology  is  nano  wire- integrated  microfluidic  devices. 

7.  Determined  that  all  the  c  hosen  biom  arkers  except  PSA  ar  e  not  suitable  bio  markers  so  novel  biom  arkers  must  be 
identified. 
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D.  Reportable  outcomes 


D.l.  Press  Release 

Invited  to  attend  a  press  conference  in  Disparities  Res  earch  at  the  AACR  annual  2008  meeting  and  the  study  was 

highlighted  in  the  Department  of  Defense  Prostate  Cancer  Research  Program  Annual  Report  and  other  journals  and  health 

magazines. 

D.2.  Publications: 

1.  TV  Tochynska,  A  Diaz  Cano,  M  Dybiec,  S  Ostapenko,  M  Morales  Rodrigez,  S  Jimenez-Sandoval,  Y 
Vorobiev,  C  Phelan,  A  Zajac,  T  Zhukov,  T  Sellers.  Raman  scattering  and  SEM  study  of  bio-conjugated  core-shell 
CdSe/ZnS  quantum  dots.  Phys  Stat.  Solid.  2007;  4(2):  241-243. 

2.  M.  Dybiec,  G.  Chomokur,  and  S.  Ostapenko,  A.  Wolcott  and  J.  Z.  Zhang  A.  Zajac,  C.  Phelan,  and  T.  Sellers. 
Photoluminescence  spectroscopy  of  bioconjugated  CdSe/ZnS  quantum  dots.  Appl.  Phys.  Lett.  2007;  90(26):  263112- 
263115. 

3.  Ganna  Chomokur,  Sergei  Ostapenko,  Yusuf  Emirov,  Nadezhda  Korsunska,  Abraham  Wolcott,  Jin  Zhang,  Catherine 
Phelan,  Abhilasha  Nagaram,  Thomas  Sellers.  Biologically  Engineered  Quantum  Dots  for  Biomedical  Applications. 
MRS  Proceedings.  2008;  1095E:  1095-EE08-05. 

4.  G  Chomokur,  S  Ostapenko,  Yu  Emirov,  N  E  Korsunska,  T  Sellers  and  C  Phelan.  Spectroscopic  behavior  of 
bioconjugated  quantum  dots.  Semicond.  Sci.  Technol.  2008;  23(7):  075045. 

5.  G.  Chomokur,  S.  Ostapenko,  E.  Oleynik,  C.  Phelan,  N.  Korsunska,  T.  Kryshtab,  J.  Zhang,  A.  Wolcott  and  T.  Sellers. 
Scanning  Photoluminescent  Spectroscopy  of  Bioconjugated  Quantum  Dots.  Superlattices  and  Microstructures.  2008; 
45(4-5):  240-248. 

D.3.  Oral  presentations: 

1.  ‘Early  detection  of  prostate  cancer  in  African-American  men.’  FPCN  Brother-to-Brother  meetings,  Municipal  library, 

Martin  Luther  King  Blvd,  Tampa.  September  2006-  Catherine  Phelan 

2.  ‘Prostate  cancer  in  African-American  men:  Serum  biomarkers  for  early  detection  using  nanoparticles.’  Moffitt  Cancer 
Center  Genitourinary  Tumor  Board.  October  2006.  Catherine  Phelan. 

3.  ‘Early  detection  of  prostate  cancer  in  African-American  men.’  FPCN  Brother-to-Brother  meetings,  Municipal  library, 
Martin  Luther  King  Blvd,  Tampa.  March  2007  -  Catherine  Phelan 

4.  ‘Prostate  cancer  in  African-American  men:  Semm  biomarkers  for  early  detection  using  nanoparticles.’  Moffitt  Cancer 
Center  Genitourinary  Tumor  Board.  June  2007  -  Catherine  Phelan. 

5.  ‘Nanoparticle-Conjugated  Biomarkers  for  Early  Detection  of  Prostate  Ca  ncer  in  African-American  Men  ’.  ImPaCT 
Invited  speaker  Sept.  2007  -  Catherine  Phelan. 

6.  ‘Nanoparticle-conjugated  biomarkers  for  early  detection  of  prostate  cancer  in  African-American  men.’  Grand  Rounds 
in  Population  Sciences,  Moffitt  Cancer  Center:  October  25th  2007  -  Catherine  Phelan 

7.  ‘Biomarkers’  to  Cancer  Biology  PhD  students,  Moffitt  Cancer  Center,  November  8th,  2007  -  Catherine  Phelan. 

8.  ‘Early  detection  of  prostate  cancer  in  African-American  men.’  FPCN  Brother-to-Brother  meetings,  Municipal  library, 
Martin  Luther  King  Blvd,  Tampa.  February  2008  -  Catherine  Phelan 

9.  ‘Early  detection  of  prostate  cancer  in  African  A  merican  men.’  Gastrointestinal  and  Ge  nitourinary  Current  Therapies 
and  Clinical  Trials  Agenda.  March  28-29  2008  -  Catherine  Phelan 

10.  U.  S.  Department  of  State  International  Visitor  Lead  ership  Program ,  Moffitt  Cancer  Center.  October  30,  2008  - 
Catherine  Phelan 

11.  ‘Biomarkers’  to  Cancer  Biology  PhD  students,  Moffitt  Cancer  Center.  November  2008  -  Catherine  Phelan 

12.  ‘Biomarkers’  to  Cancer  Biology  PhD  students,  Moffitt  Cancer  Center.  October  2009  -  Catherine  Phelan 

D.4.  Abstracts  and  Poster  presentations 

1.  Catherine  M.  Phelan,  Thomas  S  ellers,  Julio  Pow- Sang,  Alecsander  Zajac,  Abhilasha  Naga  ram,  J  ennifer  Muller  , 
Tatyana  Zhukov,  Raoul  S  alup,  Sergei  Ostapenko,  Maciej  Dy  biec,  Anna  Chomok  ur  and  Jin  Zhang.  Nanoparticle- 
Conjugated  Biomarkers  for  Early  Det  ection  of  Prostate  Cancer  in  African-American  Men.  Presented  at: 
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Congressionally  Directed  Medical  Research  Programs  Pros  tate  Cancer  Research  Program  2007  IMPaCT  Meeting,; 
September  5-8,  2007;  Atlanta,  Georgia. 

2.  G.  Chomokur,  S.  Ostapenko,  Yu.  Emirov,  A.  Wolcott,  J.  Zhang,  A.  Nagaram,  T.  Sellers,  and  C.  Phelan  Biologically 
Engineered  Quantum  Dots  for  Biomedical  Applications.  Presented  at:  Materials  Research  Society  meeting;  March  25, 
2008;  San  Francisco,  California. 

3.  Catherine  M.  Phelan,  Sergei  Ostapenko,  Anna  Chomokur,  Richard  Tanner,  Jin  Zhang,  Julio  Pow-Sang,  John  Jack 
Steel,  Thomas  Sellers.  Nanotechnologies  and  early  detection  of  prostate  cancer’.  American  Association  of  Cancer 
Research;  April  16,  2008;  San  Diego,  California. 

D.5.  Degrees  obtained/contributed  to  by  this  study 

1.  Maciei  Dybiec 

‘Spatially  Resolved  Photoluminescence  Spectroscopy  of  Quantum  Dots’.  A  dissertation  submitted  in  fulfillment  of  the 
requirements  for  the  degree  of  Doctor  o  f  Philosophy,  Department  of  Electrical  Engineering,  College  of  Engineering, 
University  of  South  Florida,  Completed  June  2007.  Main  mentor:  Sergei  Ostapenko. 

2.  Ganna  Chomokur: 

‘Photoluminescence  Spectroscopy  of  Bio-Conjugated  Quantu  m  Dots’,  Degree  of  Doctor  of  Philosophy,  Department 
of  Electrical  Engineering,  College  of  Engineering,  University  of  South  Florida  -  Completed  Feb  2009.  Main  mentor: 
Sergei  Ostapenko;  Thesis  committee  member:  Catherine  Phelan 

3.  Marcus  Mar  lev: 

‘Microfluidic  devices  and  their  applic  ation  to  early  can  cer  detection’ .  Masters  degree  -  Co  mpleted  March  2008. 
Department  of  Electrical  Engineering,  College  of  Engineer  ing,  University  of  South  Flori  da.  Main  mentor:  William 
Lee;  Thesis  committee  member:  Catherine  Phelan 

D.5.  Tissue  or  serum  repositories  -  We  have  collected  DNA,  serum  and  plasma  on  all  cases  and  controls.  The  specimens 
are  stored  in  minus  80C  freezers  in  the  Tissue  Procurement  Facility  at  the  Moffitt  Cancer  Center.  Aliquots  are  retrieved  on 
request.  See  Appendix  1 . 

D.6.  Databases  -  Access  database  from  the  que  stionnaire  and  pathological  data  and  psy  chosocial  aspects  to  risk 
perception.  Table  3  is  based  on  a  sub-portion  of  the  total  number  of  cases  and  controls. 

D. 7.  Funding  applied  for  based  on  work  supported  by  this  award 

1 .  Cancer  R  esearch  and  Prevention  Foundation  -  ‘Quantum  dot-conjugated  biomarkers  for  early  detection  of  breast 
cancer  in  Mexico  -PI  Catherine  Phelan  (2006) 

2.  Nanotechnology  Sensors  and  Systems  for  Early  Detection  of  Cancer  - ‘Microfluidic  devices  for  early  detection  of 
breast  cancer  in  Mexico  -  PI  Sellers,  Phelan  PI  of  Pilot  Study  (Dec.  2007) 

3.  Lustgarten  fo  undation  -  ‘  Enhanced  de  tection  of  pancreatic  cancer  using  adv  anced  molecular  probes  -PI  Phelan 
(2007) 

4.  NIH  Health  Disparities  Center  of  Exce  lienee  P20.  ‘Apta  mer-based  micro  fluidic  devices  fo  r  early  prostate  cance  r  in 
African  American  men.’  ROl  format  PI  -  Catherine  Phelan. 

5.  Moffitt  Cancer  Center/Un  iversity  of  Florida  Joint  C  ancer  Center  Fundi  ng  Opportunity  Advancing  the  Partnership 
(AP)  Awards  -  PI  Catherine  Phelan  -  (Funded  to  July  2010)  -  $99,93 1 

E.  Conclusion 


Implications  of  completed  research:  We  have  investigated  emerging  cutting-edge  nanotechnologies,  for  early  detection  of 
prostate  cancer  in  Affican-Am  erican  men.  Despite  our  initial  enthusiasm  for  QDs  as  the  nanotechnology  of  choice,  we 
determined  that  QD  technology  is  cost-prohibitive  for  use  in  a  large  population- based  screening  and  lacks  reproducibility. 
We  investigated  another  type  of  na  notechnology  -  nano  wire- integrated  microfluidic  devices  and  found  t  hese  to  function 
well  for  sub-ELISA  level  det  ection  and  will  em  ploy  this  technology  in  th  e  future.  Initially  we  chose  six  candidate 
biomarkers  but  showed  they  are  unusable  either  due  to  tec  hnical  difficulties  in  our  hands  or  their  levels  did  not  sh  ow 
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differences  between  cases  and  controls  or  they  decreased  in  concentration  through  increasing  stage  of  disease.  PSA  is  still 
the  most  optimal  bio  marker  for  prostat  e  cancer  detection.  So  our  final  research  (m  anuscript  in  preparation)  brings  th  ese 
two  components  together  for  the  most  optimal  prostate  cancer  detection. 

The  samples  collected  in  this  study  are  essential  for  other  studies  in  African-American  men.  We  are  planning  to  continue 
recruitment  by  expanding  the  collection  Florida  state- wide.  Furthermore  we  are  collaborating  with  other  re  searchers  in  a 
consortium  known  as  ‘Men  of  African  Descent  with  Cancer  of  the  Prostate  -MADCaP’  for  future  studies. 

"so  what  section"  -  The  novel,  sensitive  biomarkers  generated  in  this  study  will  be  of  vital  importance  for  early  detection 
of  prostate  cancer  in  Afri  can-American  men  to  reduce  the  morbidity  and  m  ortality  from  this  disease.  We  are  applying 
novel  technologies.  Further  more,  we  ar  e  applying  our  knowledge  and  these  tec  hnologies  for  early  de  tection  of  ot  her 
cancer  types. 
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Core-shell  CdSe/ZnS  quantum  dots  are  promising  as  bio-luminescent  markers:  being  conjugated  to  bio 
molecules  (proteins),  they  serve  as  luminescence  tags  in  antigen-antibody  biochemical  reaction.  This  pre¬ 
sents  a  possibility  to  detect,  for  example,  the  variation  of  the  protein  biomarkers  to  promote  the  early  can¬ 
cer  diagnosis.  We  studied  the  effect  of  bio  molecules  conjugated  to  QDs  using  Raman  scattering  spectra, 
and  found  that  in  some  cases  the  conjugation  leads  to  noticeable  variation  of  these  spectra,  so  that  the  de¬ 
tection  of  bio  molecules  could  be  done  more  accurately.  An  explanation  of  the  effect  is  proposed. 
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1  Introduction 

The  nanometer-scale  II- VI  semiconductors  quantum  dots  (QDs)  have  unique  optical  properties  such  as 
photoluminescence  (PL)  with  sufficiently  high  quantum  efficiency  in  surface  passivated  core-shell  struc¬ 
tures  [1],  A  particularly  interesting  case  is  the  CdSe/ZnS  core/shell  structures,  where  a  large  band-gap 
material  (ZnS)  serves  as  a  surface  passivating  layer  and  as  a  barrier  assisting  the  electron-hole  confine¬ 
ment  in  the  CdSe  core  [2],  It  has  been  reported  [3]  that  these  QDs  can  be  used  as  bio-luminescent  mark¬ 
ers  varying  the  PL  intensity  when  coupled  to  different  bio  molecules  and  thus  indicating  changes  in 
quantity  of  these  molecules.  The  attempts  were  made  to  employ  this  effect  for  diagnosis  of  various  dis¬ 
eases,  including  ovarian,  lung,  and  prostate  cancers,  which  are  associated  with  altered  expression  of 
cancer-related  protein  and  DNA  markers  in  living  tissue  or  cells  whose  detection  is  crucial  for  early  stage 
diagnose.  For  example,  clinical  study  described  in  [3]  has  shown  that  detection  of  enhanced  level  of 
osteopontin  in  circulating  blood  allows  accurate  early  detection  of  this  disease  [3,  4],  Another  example  is 
PSA  (Prostate-Specific  Antigen),  which  is  a  protein  produced  by  the  cells  of  the  prostate  gland,  and  its 
level  increases  in  case  of  the  prostate  cancer  or  some  other  serious  prostate  diseases  [5], 

A  novel  approach  is  based  on  spatially  resolved  PL  spectroscopy  by  using  QDs  bio-conjugated  to 
specific  antibodies  (IgG  proteins).  Concurrently,  it  is  important  to  look  for  other  effects  of  the  QDs  bio¬ 
conjugation  which  could  offer  additional  information  on  structure  of  the  bio-conjugated  QDs  along  with 
the  proof  of  actual  bio-conjugation,  which  is  questionable  in  many  cases.  Here  we  present  the  results  of 
Raman  light  scattering  investigation  in  CdSe/ZnS  QDs  conjugated  to  two  different  types  of  antibodies. 
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It  is  shown  that  in  one  case  the  conjugation  leads  to  appearance  of  new  lines  in  the  Raman  spectrum  thus 
giving  an  opportunity  to  more  accurate  spectroscopic  confirmation  of  the  bio-conjugation. 

2  Results  and  discussion 

The  commercially  available  core-shell  CdSe/ZnS  quantum  dots  were  used  in  a  form  of  colloidal  particles 
diluted  with  phosphate  buffer  (PBS)  in  a  1:200  volumetric  ratio  [6],  Samples  of  QDs  (bio  conjugated  and 
non-conjugated)  in  the  form  of  an  5  mm-size  spot  were  dried  on  a  polished  surface  of  crystalline  Si  sub¬ 
strate  to  ensure  a  low  level  of  light  scattering  background.  The  proteins  used  for  conjugation  were  mouse 
monoclonal  anti  human  Osteopontin  antibody  (mab),  and  mouse  anti  PSA  (Prostate-Specific  Antigen)  mab. 

Raman  scattering  spectra  were  measured  at  room  temperature  in  a  Lab  Ram-Dilor  micro  Raman  spec¬ 
trometer  using  a  He-Ne  laser  (632.8  nm)  as  an  excitation  source  with  a  power  of  20  mW  in  backscat- 
tering  configuration.  The  SEM  images  were  obtained  with  PHILIPS  XL30  ESEM. 


Fig.  1  Raman  spectrum  of  non-conjugated  (1,2)  QDs  and  Fig.  2  Raman  spectrum  of  non-conjugated  (1,  2,  3) 
conjugated  with  Osteopontin  molecules  (3,  4).  QDs  and  conjugated  with  PSA  molecules  (4,  5,  6). 


Figure  1  presents  the  Raman  spectra  of  QDs,  designed  for  light  emission  with  the  PL  wavelength  peak 
at  655  nm,  non-conjugated  (curves  1,  2)  and  conjugated  (curves  3,  4)  with  anti  human  Osteopontin  anti¬ 
body  molecules.  The  sharp  peak  at  521  cm  represents  the  LO  phonon  Raman  signal  of  the  Si  substrate 
and  that  at  1 14  cm  is  of  instrumental  origin.  As  can  be  seen,  the  spectrum  of  pure  non-conjugated  QDs 
has  no  other  features.  In  contrary,  the  spectrum  of  bio-conjugated  QDs  exhibits  three  additional  bands  - 
at  208.6,  278.4  and  418.0  cnf1.  The  strongest  band  at  208.6  cnf1  corresponds  to  the  optical  phonon  of 
QD  core  material  -  CdSe  and  its  overtone  is  observed  at  418.0  cm  ,  while  the  band  at  278.4  cm  can  be 
interpreted  as  the  TO  mode  of  the  ZnS  shell. 

Figure  2  shows  Raman  scattering  spectra  for  another  type  of  QDs  (the  PL  wavelength  at  565  nm) 
conjugated  with  other  bio-molecules  -  anti-PSA  antibody.  Both,  non-conjugated  and  conjugated  samples 
are  identical  and  show  no  additional  lines.  This  differs  from  the  previous  case  of  bio-conjugated  anti- 
Osteopontin  antibody.  We  also  noticed  that  Raman  spectra  of  the  bio-conjugated  QDs,  as  a  rule,  are 
characterized  by  a  broad  background  signal  due  to  diffused  light  scattering. 

Figures  3  and  4  present  Scanning  Electron  Microscopy  (SEM)  images  of  non-conjugated  and  conju¬ 
gated  QDs  on  Si  substrate.  It  is  obvious  that  even  in  a  micron  scale  these  two  images  are  quite  different: 
the  percentage  of  area  covered  with  conjugated  QDs  is  much  larger  than  that  corresponding  to  pure  QDs. 
The  corresponding  antibody  molecules  are  quite  large  (thousands  of  atoms)  and  are  capable  of  providing 
strong  enough  interactions  with  QDs  (which  actually  starts  from  the  conjugation  itself). 

We  may  suggest  that  in  pure  QDs  the  Raman  lines  of  the  QD  material  are  weak  due  to  a  small  volume 
of  nano-sized  particles,  whereas  the  presence  of  anti-Osteopontin  mab  greatly  enhances  the  optical  pho¬ 
non  signal  originated  from  the  core-shell  CdSe/ZnS  QDs.  Optical  field  enhancement  near  the  surface  of 
illuminated  nanoparticles  can  be  observed  as  surface  enhanced  Raman  scattering  (SERS)  or  surface  en¬ 
hanced  infrared  absorption  (SEIRA)  [7-10], 
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Fig.  3  SEM  images  of  Si  substrate  covered  with 
conjugated  QDs. 


Fig.  4  SEM  images  of  Si  substrate  covered  with  non- 
conjugated  QDs. 


Typically,  locally  enhanced  electric  field  in  SERS  is  attributed  to  the  plasmon  resonance  at  the  inter¬ 
face  of  metallic  nanoparticles.  As  a  result  a  plasmon-polariton  resonance  occurs  when  a  system  of  metal¬ 
lic  nanoparticles  and  studied  structures  is  illuminated  at  a  proper  wavelength. 

The  surface  electric  field  enhancement  due  to  the  realization  of  another  resonance  conditions  such  as 
phonon  or  exciton  resonances  has  been  established  as  well  [11,  12].  For  example  in  [12]  the  enhanced  IR 
absorption  due  to  phonon-resonance  mechanism  is  demonstrated  for  anthracene  coating  polar  dielectric 
nanoparticles  of  SiC  and  ALO3.  An  enhancement  factor  greater  than  100  was  measured  near  the  surface  of 
polar  SiC  particles  at  the  realization  of  SiC  surface  phonon-polariton  resonance.  Thus,  in  general  phonons, 
plasmons  or  exitons  can  satisfy  resonance  conditions  for  maximum  local  electric  field  enhancement. 

In  our  case,  Raman  enhancement  is  observed  only  for  CdSe/ZnS  QDs  conjugated  with  anti  human 
Osteopontin  mab  and  has  negative  effect  for  QDs  conjugated  with  anti-PSA  antibody.  The  actual  mecha¬ 
nism  of  interaction  between  QDs  and  different  bio  molecules  has  to  be  studied  in  more  details  to  address 
the  issue  why  some  molecules  promote  the  enhanced  Raman  intensity  while  others  do  not.  It  is  quite 
possible  that  here  we  observe  conditions  when  QDs  with  different  size/structure  (655nm  and  565  nm) 
interact  with  antibody  molecules  of  different  primary  and  secondary  spatial  structure,  that  eventually 
affects  the  position  of  QDs  in  conjugate  complex  and  modulate  its  optical  properties.  The  results  ob¬ 
tained  could  be  useful  in  the  application  of  QDs  mentioned  as  biomarkers  for  cancer  diagnostic  purposes. 
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The  authors  performed  scanning  photoluminescence  (PL)  spectroscopy  on  CdSe/ZnS  core/shell 
quantum  dots  (QDs)  bioconjugated  to  Interleukin  10  (IL10)  antibody.  The  influence  of  IL10  on  the 
QD  photoluminescence  spectra  was  explored  on  samples  dried  on  solid  substrates  at  various 
temperatures.  A  “blue”  up  to  15  nm  spectral  shift  of  the  PL  maximum  was  observed  on  the 
bioconjugated  QDs.  The  spectral  shift  is  strongly  increased  after  samples  annealing  above  room 
temperature.  A  mechanism  of  the  observed  effect  is  attributed  to  changes  in  the  QD  electronic 
energy  levels  caused  by  local  electric  or  stress  field  or  chemical  reactions  which  occurred  on  the  QD 
surface.  ©  2007  American  Institute  of  Physics.  [DOI:  10.1063/1.2752537] 


Semiconductor  nanoparticles  or  quantum  dots  (QDs) 
such  as  CdSe-ZnS  core-shell  structures  exhibit  particle-size 
dependent  tunable  photoluminescence  (PL)  with  narrow 
emission  bandwidths  of  30-45  nm  that  span  the  visible 
spectrum  and  broad  absorption  and  PL  excitation  spectra  that 
allow  simultaneous  excitation  of  several  particle  sizes  at  a 
single  excitation  wavelength.  QDs  have  high  PL  quantum 
yield  ranging  from  10%  to  50%  depending  on  nanocrystal 
quality  and  surface  passivation  while  exhibiting  a  high  resis¬ 
tance  to  photodegradation.1  The  ability  to  decorate  the  QD 
surface  with  specific  functional  groups  [thiols,  amines,  poly¬ 
ethylene  glycol),  etc.]  is  a  critical  step  in  producing  efficient 
QD  bioconjugatesr  Bioconjugation  of  proteins  to  QD  sur¬ 
faces  can  be  achieved  directly  via  electrostatic  interaction  or 
through  covalent  bonds  via  functional  groups  on  the  QD  sur¬ 
face  with  different  linker  molecules.  ’  At  this  time  the  full 
impact  of  the  bioconjugation  process  on  the  luminescent/ 
spectral  properties  of  QDs  is  not  fully  understood.  One  key 
function  of  QD  bioconjugates  is  to  fluoresce  readily  and  re¬ 
main  stable  in  biological  conditions  in  order  to  allow  for 
efficient  detection.  Most  studies  of  QD-biological  systems 
rely  primarily  on  the  overall  PL  intensity  of  a  stained  mate¬ 
rial  either  with  QDs  or  fluorescent  dyes.4  These  measure¬ 
ments  are  prone  to  errors  that  may  arise  from  unwashed  dyes 
or  nonconjugated  QDs  in  solution.  Spectroscopic  confirma¬ 
tion  of  a  bioconjugation  with  additional  features  such  as 
spectral  shift  of  emission  maxima  or  change  in  the  peak  full 
width  at  half  maximum  (FWHM)  would  greatly  improve  the 
overall  precision  and  detection  limits  of  immunofluorescent 
assays.  A  recent  study  of  the  multiplexed  CdSe/ZnS  QDs 
bioconjugated  with  various  antibodies  indicated  that  the 
quantum  dot  PL  band  spectral  shift  is  observed  within  a  few 
nanometers  range;  however,  no  detailed  study  of  this  effect 
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was  performed.1’  In  our  experimental  study  a  specific  ovarian 
cancer  antibody  Interleukin  10  (IL10)  was  selected  as  a  pro¬ 
tein  conjugated  to  QDs.  Screening  tests  for  rare  diseases  such 
as  ovarian  cancer  must  have  high  sensitivity  and  specificity. 
Motivated  by  the  scientific  merit  of  inflammatory  cytokines 
as  biomarkers  for  ovarian  cancer  and  the  recent  report  in 
which  IL10  was  not  detectable,6  we  sought  to  evaluate 
whether  QD  bioconjugation  methodology  could  overcome 
this  deficiency.  More  experiments  are  currently  in  progress  to 
justify  this  approach. 

Commercial  605,  655,  and  705  nm  CdSe/ZnS  core-shell 
QDs  covered  with  a  polymer  were  obtained  from  Invitrogen 
Inc.  The  QDs  were  conjugated  to  the  IL  10  (antihuman  IL10, 
rat  IgG2a)  molecule  from  Serotec  (Raleigh,  NC,  stock  con¬ 
centration  of  1  mg/ml,  clone  JES3-12G8,  code  MCA2250). 
Bioconjugation  of  the  QDs  with  the  antibody  was  confirmed 
with  concentration  dependence  of  the  PL  intensity  versus 
known  antigen  concentration,  the  so-called  calibration  curve, 
with  the  microarray  technique.7  PL  studies  were  also  per¬ 
formed  on  the  experimental  set  of  silanized  CdSe/ZnS  QDs 
whose  procedure  is  detailed  by  Gerion  et  al.  Subsequent 
synthesis  of  CdSe  cores  as  well  as  epitaxial  growth  of  ZnS 
shells  in  trioctylphosphine  oxide  (TOPO)  was  published 
previously. 1 

For  all  experiments  the  nonconjugated  fraction  of  the 
same  size  QDs  was  used  as  a  reference.  Experimental 
samples  represented  spots  of  a  particular  nonconjugated  and 
conjugated  solution  (—100  /A)  deposited  on  a  crystalline  Si 
wafer.  Before  initial  PL  study  the  spots  were  dried  in  the 
atmospheric  ambience  at  room  temperature  for  approxi¬ 
mately  1  h.  Conjugated  and  nonconjugated  spots  of  approxi¬ 
mately  3  mm  in  diameter  were  placed  on  the  same  Si  wafer 
for  a  spectroscopic  PL  mapping  with  spatial  resolution  of 
0.2  mm  to  produce  a  set  of  up  to  70  separate  PL  spectra  for 
each  dried  spot.  We  should  point  out  that  drying  of  the  bio- 
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FIG.  1.  Normalized  spectra  of  CdSe/ZnS  quantum  dots  with  principal  emis¬ 
sion  maxima  around  655  nm  (nonconjugated)  and  same  quantum  dots  after 
IL10  antibody  attachment  (conjugated).  Spectra  were  collected  at  70  points 
within  two  dried  sample  spots,  one  for  conjugated  and  another  for  noncon¬ 
jugated.  The  PL  spectra  per  group  are  plotted  on  top  of  each  to  show  a 
spread  within  the  individual  group. 


FIG.  2.  Peak  position  of  the  PL  maximum  measured  on  nonconjugated 
(open  shapes)  and  conjugated  with  IL10  antibody  molecule  (close  shapes). 
CdSe/ZnS  core-shell  QDs  of  three  different  sizes  with  maxima  at  (a) 
605  nm,  (b)  655  nm,  and  (c)  705  nm  are  shown.  Spectral  shift  caused  by  the 
conjugation  was  observed  for  majority  of  measured  PL  spectra  that  were 
collected  for  each  sample  in  the  PL  mapping  mode. 


conjugated  QD  samples  on  various  solid  substrates  is  a  well- 
documented  alternative  for  PL  study  of  liquid  QD  samples.5'8 
For  the  shift  enhancement  experiments,  conjugated  and  ref¬ 
erence  samples  were  annealed  in  a  temperature  stabilized 
oven  at  air  ambient  atmosphere  at  various  temperatures  up  to 
245  °C.  It  is  realized  that  high-temperature  processing  may 
produce  a  decomposition  of  the  protein  structure.  However, 
it  was  used  to  facilitate  PL  shift  process  for  exploration  pur¬ 
poses.  The  kinetics  of  the  annealing  process  was  monitored 
using  PL  spectra  at  room  temperature. 

The  scanning  PL  spectroscopy  was  performed  at  room 
temperature  with  the  use  of  a  325  nm  cw  HeCd  laser  as  the 
excitation  source  with  the  laser  power  density  of 
~2  W/cm2.  We  initially  assured  that  the  light-induced  deg¬ 
radation  and  enhancement  effects  caused  by  UV  laser  do  not 
contribute  to  the  PL  mapping.9  Silicon  wafers  with  deposited 
QD  samples  were  mounted  on  a  computer  controlled  X-Y 
moving  stage  with  the  smallest  step  of  0.1  mm.  Typical  map¬ 
ping  area  was  3X3  mm2  square  with  the  step  of  0.2  mm. 
The  PL  spectrum  was  dispersed  by  a  SPEX  500M  spectrom¬ 
eter  and  recorded  by  cooled  photomultiplier  tube  coupled 
with  a  lock-in  amplifier.  Low  temperature  PL  spectra  were 
recorded  using  closed  cycle  helium  cryostat  with  temperature 
stabilization. 

In  Fig.  1  we  present  intensity  normalized  PL  spectra  of 
commercial  nonconjugated  QD655  with  emission  maxima  at 
658  nm  and  the  same  QDs  conjugated  to  IL10  molecules.  We 
observed  that  the  principal  PL  maximum  is  blueshifted  by 
approximately  5  nm  in  the  conjugated  compared  to  noncon¬ 
jugated  QD  sample.  Spectroscopic  PL  mapping  provides  a 
statistically  valid  confirmation  that  the  blueshift  is  observed 
for  the  entire  conjugated  spot  and  not  at  individual  local 
areas.  This  PL  shift  persists  at  temperatures  down  to  20  K, 
though  PL  maxima  of  both  samples  shift  synchronously  due 
to  CdSe  band  gap  increase.  On  the  other  hand,  the  shift  mag¬ 
nitude  is  different  for  QDs  of  various  core  sizes;  it  is  more 
pronounced  for  QDs  with  larger  CdSe  core  with  longer  emis¬ 
sion  wavelength.  In  Fig.  2  we  show  three  different  QD 
samples  conjugated  to  the  same  type  IL10  molecules.  The 
blueshift  was  observed  for  all  conjugated  samples  with  the 
absolute  shift  magnitude  increasing  gradually  with  the  QD 
core  size  with  the  largest  blueshift  of  15  nm  on  705  nm  QDs. 

It  has  been  further  observed  that  the  spectral  shift  is 

increasing  with  time  of  sample  storage  (aging)  in  dark  at 
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room  temperature  and  can  approach  40  nm  within  7  days.  At 
this  point  the  spectral  shift  can  be  clearly  observed  as  a 
change  of  the  PL  color  between  conjugated  and  nonconju¬ 
gated  spots  under  the  325  nm  laser  line.  It  occurred  that  for 
the  samples  that  have  annealed  above  room  temperature,  the 
process  exhibited  as  the  PL  spectral  shift  is  facilitated  notice¬ 
ably.  Figure  3  shows  the  kinetic  curves  of  the  PL  spectral 
shift  versus  annealing  time  at  different  temperatures  over  a 
period  of  12  h.  At  annealing  temperatures  of  140  and 
190  °C,  the  kinetic  curves  show  an  exponential  growth  with 
saturation  of  the  relative  PL  spectral  shift  allowing  for  an 
estimate  of  the  time  constant  of  this  process  at  5  and  8  h  for 
190  and  140  °C,  respectively.  The  spectral  shift  rate  was 
much  higher  for  250  °C  annealing  temperature  (r=0.4  h) 
while  for  115  °C  observable  shift  change  does  not  show  full 
exponential  saturation  level  even  after  12  h.  The  time  con¬ 
stants  at  different  temperatures  allowed  us  to  calculate  acti¬ 
vation  energy  of  the  process  £)„.,= 0.38  eV  using  the  follow¬ 
ing  standard  equation: 

Tl  =  Tq1  exp(-  Eact/kBT),  (1) 

where  kB  is  the  Boltzmann  constant  and  T  is  the  annealing 
absolute  temperature.  Apart  from  the  PL  spectral  shift,  we 
noticed  a  gradual  reduction  of  the  PL  intensity  and  approxi¬ 
mately  threefold  PL  peak  broadening  (i.e.,  increasing  of  the 
FWHM)  in  the  conjugated  samples  subjected  to  temperature 


FIG.  3.  Kinetics  of  the  PL  spectral  shift  enhancement  in  the  bioconjugated 
sample  due  to  annealing  at  different  temperatures:  1,  room;  2,  115  °C;  3, 

140  °C;  4,  190  °C;  and  5,  250  °C.  Nonconjugated  QD  samples  (not  shown) 
retain  a  PL  band  spectral  position  within  experimental  accuracy  of  ~  1  nm 
with  results  identical  to  points  (1)  on  this  graph. 
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annealing.  In  contrast,  the  nonconjugated  reference  QD 
samples  are  stable  at  the  same  annealing  conditions  with  re¬ 
spect  to  the  peak  position,  intensity,  and  FWHM  values. 

Based  on  the  experimental  data,  we  suggest  that  the  ini¬ 
tial  (before  sample  aging)  PL  spectral  shift  due  to  bioconju¬ 
gation  is  related  to  the  QD  surface  area  and  the  number  of 
biomolecules  attached  to  the  QD  surface.  Larger  magnitude 
of  the  spectral  shift  for  larger  QDs  (longer  emission  wave¬ 
length)  is  possibly  associated  with  their  larger  surface  area 
per  particle  and  larger  number  of  molecules  which  can  be 
bound  to  the  QD.  The  attachment  of  biomolecules  occurs  via 
electrostatic  or  covalent  forces;  therefore,  a  distribution  of 
these  molecules  on  the  QD  surface  imposes  net  electric  field 
across  the  QD  core.  This  electric  field  may  contribute  to  the 
spectral  shift  of  emission  maxima  via  Stark  effect  that  causes 
changes  in  the  QD  exciton  levels.  The  PL  spectral  shift  of  up 
to  12  nm  has  previously  been  observed  by  applying  external 
electric  field  to  single  CdSe  nanocrystals.1"  Storage  of  the 
bioconjugated  samples  at  room  temperature  or  annealed  at 
higher  temperatures  can  promote  rearrangement  of  the  con¬ 
jugated  biomolecules  due  to  the  slow  drying  process  of  the 
IL10  molecules,  leading  to  increased  electric  field  and  en¬ 
hanced  spectral  shift.  The  effects  of  different  ambient  atmo¬ 
sphere  (oxygen,  water)  and  photoexcitation  on  the  PL  spec¬ 
tral  characteristics  of  the  CdSe  core  nanocrystals  have  been 
reported.11  We  should  notice  that  the  magnitude  of  spectral 
shift  observed  in  Ref.  11  did  not  exceed  10  nm,  which  is 
substantially  smaller  than  the  spectral  shift  in  the  bioconju¬ 
gated  QDs  in  our  study.  For  estimation  purposes,  we  can 
compare  the  10  nm  (or  29  meV)  initial  PL  spectral  shift  ob¬ 
served  in  this  study  on  655QD/IL10  bioconjugates  (Fig.  2) 
with  the  Coulomb  energy  due  to  electrostatic  interaction  be¬ 
tween  charged  point  defects  separated  by  the  QD  radius 
(~3  nm  for  655  nm  QDs).  This  Coulomb  interaction  yields 
the  value  of  37  meV  in  the  medium  having  a  dielectric  con¬ 
stant  of  CdSe  (e  =  9.0).  Realizing  the  simplicity  of  this  ap¬ 
proximation,  we  may  conclude  that  the  electric  field  effect 
can  account  for  the  observed  spectral  shift. 

Alternatively,  the  PL  shift  with  aging  can  be  interpreted 
as  a  stress  field  applied  to  the  QD  levels  in  a  process  of 
drying  of  the  bioconjugated  QDs  deposited  on  a  solid  sub¬ 
strate.  There  is  yet  another  possible  explanation  that  is  re¬ 
lated  to  chemical  changes  at  the  surface  of  the  QDs  that 
could  affect  the  effective  size  of  the  particle  as  well  as  the 
density  and  distribution  of  surface  trap  states.  During  aging 
or  annealing,  chemical  changes  at  or  near  the  QD  surface 
could  take  place  due  to  reactions  involving  residual  water, 
oxygen,  or  other  species  remaining  on  the  surface  from  the 
synthesis  process.  Such  changes,  including  local  pH,  are 
known  to  have  significant  potential  effect  on  the  PL  proper- 
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ties  of  the  QDs.  ’  "  If  this  explanation  is  correct,  the  chemi¬ 
cal  changes  must  have  taken  place  at  the  interface  of  the  core 
and  the  shell  since  the  effect  is  primarily  on  the  PL  properties 
of  the  CdSe  core.  This  indicates  that  the  ZnS  shell  is  likely 
porous  and  allows  small  molecules  or  ions  to  reach  the  CdSe 
core  surface.  To  further  test  the  different  possibilities,  addi¬ 
tional  experiments  with  various  types  of  biomolecules  are 
currently  in  progress.  As  a  preliminary  result  which  is  a  sub¬ 
ject  of  a  separate  manuscript,  we  found  that  both  initial  PL 
spectral  shift  and  its  temperature  stimulated  kinetics  differ 
noticeably  with  variation  of  the  biomolecule  origin. 

We  anticipate  that  chemical  structure  and  shape  of  the 
IL10  molecules  can  be  substantially  modified  after  QD  an¬ 
nealing  used  in  this  study  for  the  purpose  of  speeding  up  and 
enhancing  the  PL  spectral  shift  in  bioconjugated  QDs.  How¬ 
ever,  this  annealing  can  be  performed  after  completion  of  the 
antigen-antibody  reaction  which  is  used  for  cancer  diagnos¬ 
tics.  A  spectral  shift  of  the  entire  antigen-antibody-QD  com¬ 
plex  can  be  a  highly  sensitive  and  specific  spectroscopic  fin¬ 
gerprint  for  early  detection  of  the  cancer  related  antigens. 
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ABSTRACT 

We  report  on  a  short-wavelength,  “blue”  spectral  shift  of  the  photoluminescence  (PF) 
spectrum  in  CdSeTe/ZnS  core/shell  quantum  dots  (QDs)  caused  by  bioconjugation  with 
several  monoclonal  cancer  related  antibodies  (ABs).  Scanning  PF  spectroscopy  was 
performed  on  samples  dried  on  solid  substrates  at  various  temperatures.  The  influence  of  the 
AB  chemical  origin  on  the  PF  spectral  shift  was  observed.  The  conjugation  QD-AB 
reaction  was  confirmed  using  the  agarose  gel  electrophoresis  technique.  The  spectral  shift  is 
strongly  increased  and  the  process  facilitated  when  the  samples  are  dried  above  room 
temperature.  The  PF  spectroscopic  mapping  revealed  a  profile  of  the  PF  spectral  shift  across 
the  dried  QD-AB  spot.  Transmission  Electron  Microscopy  analyses  of  the  samples  were 
performed  to  reveal  the  shape  and  size  of  individual  QDs.  A  mechanism  of  the  “blue”  shift 
is  attributed  to  changes  in  the  QD  electronic  energy  levels  caused  by  local  stress  field 
applied  to  the  bio-conjugated  QD. 

INTRODUCTION 

Cancer  is  a  major  cause  of  illness  and  death  in  the  US  [1].  Clinical  outcome  of  cancer  is  strongly 
related  to  the  stage,  at  which  the  malignancy  is  detected,  however,  most  solid  tumors  are 
detectable  with  standard  diagnostic  methods  during  a  late  phase  of  disease  when  it  may  have 
already  metastasized.  Therefore,  there  is  a  critical  need  to  develop  sensitive  probes  for  early 
cancer  detection. 

Quantum  dots  (QDs)  represent  state-of-the-art  nano-scale  devices  that  exhibit  promising 
results  toward  the  development  of  a  sensitive  probe  for  screening  cancer  markers.  It’s  anticipated 
that  QDs  could  be  successfully  used  for  the  purpose  of  early  cancer  detection  to  substitute 
organic  dyes  in  many  biological  techniques  including  EFISA  (Enzyme-Finked  ImmunoSorbent 
Assay)  which  provides  low  detection  limits  for  target  biomolecules  due  to  high  sensitivities 
which  can  detect,  for  instance,  PSA  antigen  concentrations  as  low  as  1  ng/ml  [2].  Our  recent 
experiments  demonstrated  that  PF  spectra  of  QDs  are  changed  by  the  bio-conjugation  [3].  This  is 
revealed  as  a  “blue”  or  short  wavelength  spectral  shift  of  the  PF  maximum,  which  can  be  clearly 
observed  as  a  color  change  of  the  dried  bio-conjugated  sample.  This  PF  spectroscopic  feature  of 
the  bio-conjugated  QDs  may  serve  as  a  fingerprint  of  the  bio-conjugation  reaction.  Ultimately, 
this  will  dramatically  improve  sensitivity  of  the  cancer  antigen  detection  using  QDs  because  a 
background  PF  from  the  non-conjugated  QDs  can  be  spectrally  separated. 


EXPERIMENT 


Commercial  605,  655,  and  705  nm  CdSe/ZnS  core-shell  PEGylated  QDs  covered  with  a 
polymer  were  obtained  from  Invitrogen  Inc.  Commercial  monoclonal  ABs  were  obtained  as 
follows:  IL-10  -  Serotec  Inc,  IL-6  -  Sigma  Aldrich  Inc,  OPG  -  Imgenex  Corp.,  CAV-1  and  P53 
-  Abeam  Inc,  PSA  -  Chemicon  International  Inc.  The  conjugation  procedure  was  performed 
using  commercially  available  705nm  QD  conjugation  kit  by  Invitrogen  Inc  [4] .The  conjugation 
procedure  is  described  step  by  step  in  the  Qdot®  705  Antibody  Conjugation  Kit  ,  made  by 
Invitrogen  [4]. 

In  all  experiments  the  non-conjugated  fraction  of  the  same  size  QDs  was  used  as  a 
reference.  For  the  shift  enhancement  experiments,  conjugated  and  reference  samples  were  dried 
in  a  temperature  stabilized  oven  in  ah’  ambient  atmosphere  at  50°C.  The  detailed  schematic  and 
description  of  the  PL  system  and  sample  preparation  procedure  could  be  found  elsewhere  [3]. 
TEM  experiments  were  carried  out  at  the  Transmission  Electron  Microscope  Tecnai  T20  with 
the  line  resolution  of  1.2  A  and  electronic  images  captured  using  Orius  831  7  MP  CCD  camera. 
TEM  analysis  of  pure  and  conjugated  705nm  QDs  revealed  an  ellipsoid  shape  approximately 
1 1x6  nm  +/-  0.5nm  (figure  1). 


Figure  1.  TEM  image  of  the  individual  705nm  CdSeTe/ZnS  core/shell  quantum  dot. 

Agarose  gel  electrophoresis  technique  was  performed  using  genetic  analysis  grade 
agarose  and  Tris-Borate-EDTA  buffer  (TBE)  10X  stock  solution,  purchased  from  Fisher 
Scientific.  Horizontal  electrophoresis  batch  purchased  from  Owl  Separation  Systems  Inc,  rated 
as  0-150V,  O-lOOmA,  was  used  to  run  the  gel  with  the  X0.5  EDTA  as  a  running  buffer.  The 
running  buffer  was  prepared  from  stock  EDTA  solution  by  dilution  with  distilled  water.  The 
organic  dye  Fluorescamine  (4-phenylspiro[furan-2(3//),l'-phthalan]-3,3'-dione,  [5])  was 
purchased  from  Invitrogen  Inc.  The  fluorescamine  bulk  1%  solution  was  prepared  by  diluting  the 
fluorescamine  powder  in  acetone,  and  stored  at  4C  in  the  dark.  To  make  a  sample,  5uL  of  AB 
solution  was  mixed  with  5ul  TBE  buffer  at  pH  7.4,  following  by  the  addition  of  2uL  1%  solution 
of  Fluorescamine  in  acetone,  and  mixed  for  30  seconds  [6].  Non-conjugated  QDs  were  tracked  in 
the  electrophoresis  study  using  their  own  luminescence  emission  without  adding  fluorescamine. 
The  retarded  movement  of  bioconjugate  (figure  2,  wells  1  and  5  versus  wells  2  and  6)  was 
interpreted  as  a  proof  of  successful  conjugation  procedure. 


Figure  2.  Agarose  gel  electrophoresis  photograph,  2%  agarose  gel,  1.5V,  120  mins  running  time, 
0.5xTBE  running  buffer.  Wells  are  as  follows:  (1)  non-conjugated  705nm  QDs;  (2)  PSA  conjugated  to 
705nm  QDs;  (3)  PSA  pure  protein  +  Fluorescamine,  (4)  empty,  (5)  non-conjugated  705nm  QDs,  (6)  IL6 
conjugated  to  705nm  QDs,  and  (7)  IL6  pure  protein  +  Fluorescamine. 

RESULTS  AND  DISCUSSION 

“Blue”  Spectral  Shift 

Typical  results  of  the  PL  spectrum  “blue”  shift  between  non-conjugated  and  conjugated 
samples  on  silicon  substrates  is  presented  in  figure  3. 


Wavelength  [n  m  ] 

Figure  3.  (a)  Non-conjugated  (a)  and  705QD-CAV-1  bio-conjugated  (b)  samples  after  30  minutes 
drying  on  Si  substrate  at  room  temperature,  (c)  -  same  conjugated  sample  after  3  days  of  drying  at 
ambient  atmosphere  and  room  temperature.  Multiple  PL  spectra  are  measured  using  the  PL 
mapping  technique. 

Increase  of  the  initial  5  to  7  nm  shift  up  to  25  nm  occurred  during  sample  drying  at  room 
temperature  in  ambient  atmosphere.  The  “blue”  shift,  which  occurs  in  the  middle  areas  of  the 
spots,  develops  quickly,  and  reaches  ~  25nm  in  three  days  of  storage  at  the  50C  and  at  room 
ambience  (figure  3).  In  addition,  drying  at  50C  in  various  environments  (vacuum,  oxygen,  argon 
and  nitrogen)  was  performed,  and  no  difference  with  control  sample  dried  at  ambient  atmosphere 


at  the  same  temperature  (50°C)  was  found.  Based  on  these  results,  we  conclude  that  chemical 
interaction  of  the  QD-AB  with  gas  molecules  play  negligible  role  in  the  observed  effect. 

Spectroscopic  PL  mapping 

In  order  to  track  variations  in  the  blue  spectral  shift  across  the  sample,  PL  spectral 
mapping  was  performed.  First  we  noticed  that  after  the  sample  deposition  on  the  substrate  and 
initial  30  minutes  drying,  the  PL  intensity  shows  a  radial  gradient  profile  with  higher  PL  ring 
area  at  the  spot  periphery  and  reduced  PL  intensity  in  the  central  part.  Similar  PL  intensity 
profile  is  maintained  after  3  days  sample  drying  (figure  4A),  however  various  regions  exhibit 
different  rate  of  the  PL  intensity  reduction  due  to  drying  as  presented  in  figure  4C.  Analysis  of 
the  PL  spectra  measured  in  different  individual  spots  revealed  a  distinct  and  repeatable  blue  shift 
pattern  across  the  sample  which  we  assigned  as  a  “plate-shape”  pattern.  It  means  that  the  “blue” 
spectral  shift  is  more  pronounced  in  the  center  of  the  spot  and  reduced  in  the  periphery  as  shown 
in  figures  4B.  Consistently  with  data  of  the  room  temperature  drying  we  also  observed  a  strong 
enhancement  of  the  PL  shift  which  is  quantified  in  figure  4D  as  two  line  scans  of  the  PL  peak 
position  measured  across  the  center  of  the  sample.  This  effect  is  very  pronounced  on  the 
conjugated  dried  samples  and  shows  very  small  negligible  gradient  from  the  center  to  periphery 
in  non-conjugated  control  QD  samples  dried  at  identical  conditions.  We  will  discuss  two 
different  mechanisms  which  can  account  for  the  “blue”  PL  shift  in  bio-conjugated  QDs. 


A  B 
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Figure  4.  Maps  of  stored  for  3  days  at  50°C  conjugated  sample:  A  -  PL  intensity;  B  -  PL  peak 
position.  The  linescans  of  (a)  fresh  and  (b)  stored  for  three  days  at  50°C  conjugated  sample:  C  -  PL 
intensity:  D  -  PL  peak  position. 


Compression  stress 


It  is  experimentally  observed  and  theoretically  explained  that  compression  stress  applied 
to  II- VI  compounds  with  embedded  nano-scale  objects  having  quantum  confined  wave  function 
provides  a  high-energy  shift  of  the  exciton  transitions  [7] .  Our  experiments  demonstrate  a 
substantial  role  of  elastic  stress  in  the  observed  PL  “blue”  shift.  One  of  critical  results  is  a 
negligible  PL  shift  in  conjugated  and  non-conjugated  QDs  diluted  in  the  buffer  solution  or 
immersed  into  the  agarose  gel.  This  must  be  compared  to  a  substantial  PL  shift  in  identical  bio¬ 
conjugated  QDs  dried  on  solid  substrates  at  room  or  elevated  temperatures.  This  mechanism  is 
also  consistent  with  the  PL  experiments  on  QDs  dried  on  various  substrates.  The  largest  shift  up 
to  36  nm  is  found  on  crystalline  Si  and  SiC  while  a  negligibly  small  shift  on  grids  covered  with 
amoiphous  carbon  film  and  on  the  plane  rubber  substrate.  These  observations  evidence  that 
elastic  properties  of  the  substrate  play  important  role.  A  direct  confirmation  of  the  stress 
model  was  recently  received  using  X-ray  diffraction  in  similar  QDs  bio-conjugated  with  IL-10 
antigen  and  dried  on  silicon  [8].  In  this  study  a  substantial  increase  of  compression  stress  and 
corresponding  compressive  strain  was  directly  measured.  The  increase  of  strain  from  7.9e(-4)  up 
to  9.6E(-3)  was  accompanied  by  6  nm  PL  spectral  shift.  We  conjecture  that  stress  effect  is  the 
most  probable  mechanism  for  the  observed  blue  PL  shift. 

Electric  field 

We  notice  that  the  appearance  of  the  extra  charge  in  the  ensemble  of  non-oriented  QDs 
is  expected  to  lead  to  the  “red”  PL  shift  due  to  a  quadratic  Stark  effect  [9].  At  the  same  time 
compensation  (reduction)  of  the  initial  charge  which  may  be  caused  by  bio-conjugation  and 
drying  processes  can  explain  that  even  in  the  case  of  Stark  effect  the  PL  shift  will  be  in  opposite 
i.e.  “blue”  direction,  which  is  observed  in  our  experiments.  Therefore,  we  would  like  to  discuss 
this  in  more  details.  Electric  field  applied  to  the  QDs  can  be  changed  due  to  conjugation  with 
charged  or  polar  bio-molecules.  We  expect  that  this  feature  will  be  quite  similar  in  the  liquid  or 
dried  phase  which  is  in  contrast  with  our  data.  Additionally,  electric  field  should  be  affected  by 
various  gas  environments  due  to  absoiption  of  gas  molecules  [10].  However,  our  data  on  the 
sample  drying  in  different  gas  environment  such  as  oxygen,  nitrogen,  argon  and  vacuum,  are  in  a 
strong  contrast  with  this  process,  i.e.  PL  spectral  shift  is  independent  on  drying  conditions 
performed  at  the  same  temperature.  The  PL  shift  is  also  not  affected  by  light  illumination  and 
observed  in  a  sample  after  storage  in  dark.  Finally,  the  electric  field  may  be  changed  after  drying 
due  to  evaporation  of  water  molecules  form  the  buffer  solution  and  water  ions  attached  directly 
to  bio-molecules.  This,  however,  would  rather  increase  a  net  charge  on  the  QD,  and  therefore 
lead  to  the  “red”  PL  shift.  All  this  consideration  still  can  not  rule  out  electric  field  effect  as  an 
alternative  to  the  stress  mechanism. 

The  second  interesting  feature  we  observed  is  a  “plate”  shape  profile  of  the  PL  shift  in 
dried  bio-conjugated  QDs  (figures  4).  According  to  our  data,  the  largest  PL  shift  is  observed  in 
the  sample  central  pail  with  gradual  reduction  to  the  periphery.  This  feature  can  be  interpreted  as 
a  radial  reduction  of  stress  in  dried  sample  from  its  center  to  the  edge.  This  would  explain  similar 
but  much  smaller  radial  profile  in  non-conjugated  sample.  On  the  other  hand,  other  explanation 
is  quite  feasible.  As  we  documented  in  figures  4A  and  4C  the  PL  intensity  also  shows  this  type 
of  non-homogeneity;  the  highest  PL  intensity  at  the  spot  periphery  and  the  smallest  in  center. 


This  intensity  profile  can  be  attributed  to  diffusion  of  the  QDs  to  the  sample  periphery.  Taking 
into  account  that  bio-conjugated  sample  contains  some  fraction  of  non-conjugated  QDs  we 
conclude  that  periphery  region  is  enriched  with  non-conjugated  QDs  which  is  revealed  as  smaller 
“blue”  PL  shift  at  the  periphery.  This  process  is  explained  by  a  higher  mobility  of  non- 
conjugated  QDs  compared  to  bio-conjugated  as  confirmed  by  our  gel  electrophoreses  study. 

CONCLUSIONS 

Short  wavelength,  “blue”  PL  spectral  shift  is  observed  on  705QDs,  bioconjugated  to  six 
different  monoclonal  cancer  antibodies  on  the  samples  deposited  on  solid  substrates  and  dried  at 
room  and  elevated  temperatures  up  to  50°C.  We  found  that  the  PL  shift  is  developed  faster  at 
higher  temperature.  The  heterogeneous  pattern  of  the  shift  of  dried  bioconjugated  QD  spot 
(“plate-shape”  effect)  is  observed  and  interpreted  as  enrichment  of  periphery  region  in  dried 
sport  with  non-conjugated  QDs.  The  most  probable  mechanism  behind  the  PL  shift  effect  is 
attributed  to  increased  stress  field  applied  to  QDs  from  the  conjugated  bio-molecules.  The  results 
of  this  research  could  lead  to  critical  improvements  of  the  cancer  antibody  detection 
concentration  threshold  using  QD  luminescent  tagging  technique. 
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Abstract 

We  report  on  a  short-wavelength,  ‘blue’  spectral  shift  of  the  photoluminescence  (PL)  spectrum 
in  CdSeTe/ZnS  core/shell  quantum  dots  (QDs)  caused  by  bioconjugation  with  several 
monoclonal  cancer-related  antibodies  (ABs).  Scanning  PL  spectroscopy  was  performed  on 
samples  dried  on  solid  substrates  at  various  temperatures.  The  influence  of  the  AB  chemical 
origin  on  the  PL  spectral  shift  was  observed.  The  QD-AB  conjugation  reaction  was  confirmed 
using  the  agarose  gel  electrophoresis  technique.  The  spectral  shift  was  strongly  increased  and 
the  process  facilitated  when  the  samples  were  dried  above  room  temperature.  The  PL 
spectroscopic  mapping  revealed  a  profile  of  the  PL  spectral  shift  across  the  dried  QD-AB  spot. 

A  mechanism  of  the  blue  shift  is  attributed  to  changes  in  the  QD  electronic  energy  levels 
caused  by  a  local  stress  applied  to  the  bioconjugated  QD. 


1.  Introduction 

Cancer  is  a  major  cause  of  illness  and  death  in  the  United 
States,  second  after  heart  diseases  in  2004  [1];  approximately, 
half  a  million  people  die  because  of  cancer  in  the  United  States 
alone  every  year.  An  estimated  3-35%  of  all  cancer  deaths 
could  be  avoided  through  early  detection  [2],  Clinical  outcome 
of  cancer  is  strongly  related  to  the  stage  at  which  malignancy 
is  detected,  especially  for  breast  cancer  in  women  and  prostate 
cancer  in  men  [3].  Most  solid  tumors,  however,  are  detectable 
with  standard  diagnostic  methods  during  a  late  phase  of  disease 
when  it  may  have  already  metastasized.  Therefore,  there  is 
a  critical  need  to  develop  sensitive  probes  for  early  cancer 
detection. 

Quantum  dots  (QDs)  represent  state-of-the-art  nano-scale 
devices  that  exhibit  promising  results  toward  the  development 
of  a  sensitive  probe  for  screening  cancer  markers.  Currently, 
QDs  are  successfully  used  for  in  vitro  and  in  vivo  imaging  of 
tumors  [4,  5],  immunochemistry  [6,  7],  DNA  hybridization 
[8-10],  cell  imaging  [11-16]  and  potential  photodynamic 
therapy  [17].  QDs  possess  inherent  advantages  over  organic 
fluorophores  [18],  such  as  SYPRO  protein  stains  [19]  or 
fluorescamine  [20,  21],  and  are  a  possible  replacement  in 
biomedical  imaging  applications  [22,  23],  QDs  can  absorb 


a  wide  spectral  range  of  quantum  energies  above  the  core 
material  band  gap,  which  excites  the  photoluminescence  (PL) 
in  a  relatively  narrow  PL  band  with  20-50  nm  bandwidth. 
In  contrast,  most  molecular  dyes  can  absorb  only  a  narrow 
band  of  quantum  energies  separated  from  the  PL  maximum 
by  a  Stoke’s  shift.  Furthermore,  dye  molecules  emit  at  a 
much  wider  band  of  wavelengths  compared  to  QDs.  As  a 
result,  to  distinguish  separate  features  it  is  necessary  to  use 
different  molecular  dyes,  each  with  its  own  required  excitation 
wavelength.  In  the  case  of  QDs,  the  emission  wavelength 
depends  on  the  QD  size;  therefore,  the  QDs  made  of  the  same 
semiconductor  material  but  varying  in  size  can  all  be  excited 
by  the  same  light  source  (provided  the  above  band-gap  energy 
is  used),  but  then  emit  distinctly  at  different  PL  bands  [18]. 

Given  the  complexity  of  cancer,  the  value  of  using 
multiple  markers  simultaneously  as  a  panel  has  been  shown 
empirically  [24],  However,  the  efforts  to  apply  this  approach 
are  still  at  very  early  stages  [25,  26].  It  is  anticipated  that 
QDs  could  be  successfully  used  as  substitutes  for  organic 
dyes  in  early  cancer  detection  in  many  biological  techniques 
including  ELISA  (enzyme-linked  immunosorbent  assay), 
which  provides  low  detection  limits  for  target  biomolecules 
due  to  high  sensitivities  which  can  detect,  for  instance,  PSA 
antigen  concentrations  as  low  as  1  ng  mU1  [27],  One  of  the 
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current  problems  in  QD  usage  for  biomedical  applications 
is  that  bioconjugation  reactions  may  be  incomplete  and 
result  in  residual  non-conjugated  QDs.  A  photoluminescent 
signal  from  these  non-conjugated  QDs  will  superimpose  with 
conjugated  QDs  and  lead  to  false  positive  events  in  cancer 
antigen  detection,  thereby  reducing  the  method’s  sensitivity. 
Our  recent  experiments  demonstrated  that  PL  spectra  of  QDs 
are  changed  by  bioconjugation  [28],  This  is  manifested  as  a 
blue  or  short-wavelength  spectral  shift  of  the  PL  maximum, 
which  can  be  clearly  observed  as  a  color  change  of  the  dried 
bioconjugated  sample.  This  unique  spectroscopic  feature  of 
the  bioconjugated  QDs  may  serve  as  a  fingerprint  of  the 
bioconjugation  reaction.  Ultimately,  this  will  dramatically 
improve  sensitivity  of  cancer  antigen  detection  using  QDs 
because  a  background  PL  from  the  non-conjugated  QDs  can 
be  spectrally  separated. 

In  this  paper,  we  report  on  a  PL  spectroscopic  study  of  the 
blue  spectral  shift  for  QDs,  conjugated  to  various  monoclonal 
ABs,  in  which  the  samples  are  dried  at  different  temperatures. 
The  agarose  gel  electrophoresis  technique  with  the  organic 
dye  fluorescamine  is  employed  to  assure  the  quality  of  the 
conjugate.  A  positive  correlation  of  the  blue  spectral  shift 
magnitude  and  molecular  weight  of  the  AB  molecule  is  found. 
A  spatial  profile  of  the  blue  spectral  shift  across  the  dried 
sample  is  observed,  described,  and  hypotheses  explaining  it 
are  presented. 

2.  Materials  and  methods 

2.1.  QDs,  ABs  and  conjugation 

Commercial  605,  655  and  705  nm  CdSe/ZnS  and 
CdSeTe/ZnS  core-shell  PEGylated  QDs  covered  with  a 
polymer  were  obtained  from  Invitrogen  Inc.  Commercial 
monoclonal  ABs  were  obtained  as  follows:  IL-10 — Serotec 
Inc,  IL-6 — Sigma  Aldrich  Inc.,  OPG — Imgenex  Corp.,  CAV- 
1  and  P53 — Abeam  Inc.,  PSA — Chemicon  International 
Inc.  The  conjugation  procedure  was  performed  using  a 
commercially  available  705  nm  QD  conjugation  kit  from 
Invitrogen  Inc.  [29]. 

The  main  steps  of  the  conjugation  are  as  follows. 

(1)  Activation  of  705  nm  QDs  with  the  SMCC  to  introduce 
thiol-reactive  groups  and  reduction  of  the  ABs  with  DCC 
(dithiothreitol),  which  is  used  for  the  reduction  of  disulfide 
bonds  and  maintaining  monothiols  in  a  reduced  state. 

(2)  Desalting  of  both  reagents  after  step  1  using  the  desalting 
columns. 

(3)  Mixing  the  reagents  to  let  them  conjugate  (through  the 
disulphide  reduction  and  sulfhydryl-amino  coupling). 

(4)  Concentration  of  the  conjugate,  formed  in  step  3,  using 
the  ultra-filtration  vials  with  centrifugation  for  12-15  min 
at  ~7000  rpm. 

(5)  Draining  of  the  concentrated  conjugate  through  the 
separation  column  to  get  rid  of  the  non-conjugated  ABs. 


2.2.  Samples  and  PL  measurement 

In  all  experiments,  the  non-conjugated  portion  of  same-sized 
QDs  was  used  as  a  reference.  Individual  droplets  of  the  non- 
conjugated  and  conjugated  solutions  of  the  3  p\  volume  were 
deposited  on  the  unpolished  surface  of  the  same  crystalline  Si 
wafer.  Before  the  initial  PL  study,  the  droplets  were  dried  in 
atmospheric  ambience  at  room  temperature  for  approximately 
30  min  forming  clear  spots  on  the  silicon  surface.  Conjugated 
and  non-conjugated  spots  approximately  3  mm  in  diameter 
were  used  for  spectroscopic  PL  mapping  with  a  spatial 
resolution  of  0.2  mm  to  produce  a  set  of  up  to  120  individual 
PL  spectra  for  each  dried  spot.  We  should  point  out  that 
drying  of  the  bioconjugated  QD  samples  on  various  solid 
substrates  is  a  well-documented  alternative  for  the  PL  study 
of  liquid  QD  samples  [30,  31].  For  the  shift  enhancement 
experiments,  conjugated  and  reference  samples  were  dried  in 
a  temperature-stabilized  oven  in  air  ambient  atmosphere  at 
50  °C.  This  temperature  has  quite  a  substantial  influence  on 
the  rate  of  the  PL  spectral  shift.  The  kinetics  of  the  drying 
process  was  monitored  using  PL  spectra  at  room  temperature. 

The  scanning  PL  spectroscopy  was  performed  at  room 
temperature  using  a  325  nm  cw  HeCd  laser  as  the  excitation 
source.  Silicon  wafers  with  deposited  QD  spots  were  mounted 
on  a  computer-controlled  X-Y  moving  stage  with  a  smallest 
step  of  0. 1  mm.  The  typical  mapping  area  was  3  mm  x  3  mm 
with  a  step  of  0.25  mm.  The  PL  spectrum  was  dispersed 
by  a  SPEX  500M  spectrometer  and  recorded  by  a  cooled 
photomultiplier  tube  coupled  with  a  lock-in  amplifier.  A 
detailed  schematic  and  description  of  the  PL  system  can  be 
found  elsewhere  [28],  TEM  experiments  were  carried  out  at 
a  Tecnai  T20  transmission  electron  microscope  with  a  line 
resolution  of  1.2  A  and  electronic  images  captured  using  an 
Orius  831  7  MP  CCD  camera.  The  TEM  analysis  of  pure 
and  conjugated  705  nm  QDs  was  conducted.  It  revealed 
an  ellipsoid  shape  approximately  11  nm  x  6  nm  ±  0.5  nm 
with  a  diffraction  pattern  identifying  the  CdSeo ,6Teo.4  ternary 
compound  of  the  QD  core  material  (figure  1). 

2.3.  Agarose  gel  electrophoresis  with  fluorescamine 

The  agarose  gel  electrophoresis  technique  was  performed 
using  genetic  analysis  grade  agarose  and  Tris-borate-EDTA 
buffer  (TBE)  10  x  stock  solution  purchased  from  Fisher 
Scientific.  A  horizontal  electrophoresis  batch  purchased  from 
Owl  Separation  Systems  Inc.,  rated  as  0-150  V,  0-100  mA, 
was  used  to  run  the  gel  with  x0.5  EDTA  as  a  running 
buffer.  The  running  buffer  was  prepared  from  the  stock 
EDTA  solution  by  dilution  with  distilled  water.  The  organic 
dye  fluorescamine  (4-phenylspiro[furan-2(3//),l'-phthalan]- 
3,3'-dione,  [21])  was  purchased  from  Invitrogen  Inc.  The 
fluorescamine  bulk  1%  solution  was  prepared  by  diluting  the 
fluorescamine  powder  in  acetone,  and  stored  at  4  °C  in  the 
dark.  To  make  a  sample,  5  pt  1  of  AB  solution  was  mixed 
with  5  p\  of  TBE  buffer  at  pH  7.4,  followed  by  the  addition 
of  2  pA  1%  solution  of  fluorescamine  in  acetone,  and  mixed 
for  30  s  [20],  The  sample  was  then  left  exposed  to  air  for 
approximately  30  min  to  let  the  acetone  evaporate.  To  prevent 
the  protein  from  denaturing  under  the  influence  of  acetone,  the 
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Figure  1.  TEM  image  of  the  individual  705  nm  CdSeTe/ZnS 
core/shell  quantum  dot.  Analysis  performed  using  the  diffraction 
parameters  of  both  CdSeTe  and  ZnS  ([32]  and  [33],  respectively) 
indicated  that  inter-atomic  layer  distances  are  3.50  A  ±  0.2  A,  and 
with  100:1  probability  that  the  diffraction  lines  belong  to  the 
CdSe0.6Te0.4  core  material.  The  core  has  a  cubic  structure  with 
(0,  0,  2)  Miller  indices. 

samples  were  stored  continuously  on  ice  (~2— 4  °C)  until  the 
gel  procedure  was  started.  Non-conjugated  QDs  were  tracked 
in  the  electrophoresis  study  using  their  own  luminescence 
emission  without  adding  fluorescamine. 

3.  Results 

3.1.  Dependence  of  the  blue  spectral  shift  on  the  AB 
chemical  origin 

We  started  with  PL  spectroscopy  of  pure  and  conjugated  QDs 
immersed  in  a  liquid  buffer  medium.  These  PL  spectra  are 
practically  identical  both  in  terms  of  the  PL  peak  position  and 
bandwidth.  Similar  data  on  QDs  in  liquids  were  published 
previously  [34].  Similarly,  no  spectral  difference  was  observed 
between  conjugated  and  non-conjugated  QDs  when  they  were 
located  in  a  gel  during  electrophoresis  experiments  (see 
below).  We  found  a  difference  between  QDs  deposited  on 
solid  substrates  (Si,  SiC)  compared  to  plain  rubber  or  metal 
copper  grid  covered  with  an  amorphous  carbon  layer  (TEM 
sample  holder).  In  the  last  two  substrates,  we  did  not  see 
a  spectral  shift  both  after  sample  deposition  and  after  50  °C 
drying  up  to  1 1  days.  In  contrast,  both  solid  substrates  (Si  and 
SiC)  behaved  similarly  with  a  clear  and  reproducible  PL  shift. 
These  observations  are  critical  to  understand  the  role  of  elastic 
stress  applied  to  the  QDs  after  drying  on  a  solid  substrate. 

It  was  reported  previously  that  the  PL  spectrum  of 
variously  sized  QDs  bioconjugated  with  the  IL-10  AB 
and  deposited  on  silicon  show  a  blue  PL  spectral  shift 
in  comparison  to  identical  non-conjugated  QDs  [28].  We 
extended  this  study  to  other  types  of  cancer- related  ABs.  In 
this  experiment  the  identical  type  and  size  of  QDs  with  the  PL 
maximum  at  705  ±  2  nm  were  used.  This  QD  selection  was 
motivated  by  the  fact  that  the  initial  spectral  shift  observed  after 
~30  min  sample  drying  in  QD-IL-10  conjugates  gradually 


Figure  2.  Non-conjugated  (a)  and  705QD-CAV-1  bioconjugated 
(b)  samples  after  30  min  of  drying  on  the  Si  substrate  at  room 
temperature,  (c)  Same  conjugated  samples  after  3  days  of  drying  at 
ambient  atmosphere  at  50  °C.  Multiple  PL  spectra  are  measured 
using  the  PL  mapping  technique. 

increases  with  the  PL  band  wavelength,  i.e.  is  directly  related 
to  the  QD  size  [28], 

Typical  results  of  the  PL  spectrum  blue  shift  between  non- 
conjugated  and  conjugated  samples  dried  on  silicon  substrates 
are  presented  in  figure  2.  Increase  of  the  initial  5-7  nm  shift  up 
to  25  nm  occurred  during  sample  drying  at  room  temperature 
in  ambient  atmosphere.  The  blue  shift  develops  quickly  and 
reaches  ~25  nm  in  3  days  of  storage  at  50  °C  and  room 
ambience  (figure  2).  In  addition,  drying  at  50  °C  in  various 
environments  (vacuum,  oxygen,  argon  and  nitrogen)  was 
performed,  and  no  difference  with  the  control  sample  dried  at 
ambient  atmosphere  at  the  same  temperature  was  found.  Based 
on  these  results,  we  conclude  that  the  chemical  interaction 
of  the  QD-AB  with  gas  molecules  plays  a  negligible  role 
in  the  observed  effect.  This  will  be  further  elaborated  in 
section  4. 

The  bioconjugation  and  subsequent  PL  spectroscopic 
analysis  was  performed  on  six  monoclonal  ABs  currently 
being  considered  as  cancer  biomarkers.  They  are  IL-6,  IL- 
10,  PSA,  P53,  OPG  and  CAV-1.  The  705  nm  QDs,  conjugated 
to  each  of  ABs,  mentioned  above,  exhibited  a  blue  spectral 
shift.  This  PL  shift  had  different  magnitudes,  with  the  IL-6 
giving  the  smallest  shift,  and  OPG,  the  largest,  approaching 
36  nm  after  11  days  of  room  temperature  sample  storage 
(figure  3). 

The  different  magnitudes  of  the  blue  spectral  shift  for 
different  ABs  are  observed  in  samples  dried  at  room  or 
higher  temperatures.  For  instance,  we  previously  observed  an 
approximately  40  nm  spectral  shift  for  the  IL-10  AB  after  12 
days  of  drying  at  room  temperature  or  after  annealing  at  140  °C 
for  12  h  [28].  In  figure  4,  we  present  data  of  the  maximum  PL 
spectral  shift  for  different  ABs  after  room  temperature  drying 
correlated  with  the  AB  molecular  weight.  The  AB  molecules 
with  larger  molecular  weight  show  a  larger  blue  shift  of  the 
conjugated  705  nm  QDs.  For  instance,  molecular  weight  of 
the  IL-6  AB  molecule  is  22-26  kDa  [35],  while  the  OPG  AB 
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Figure  3.  Blue  spectral  shift  developed  for  1 1  days  of  sample 
drying  at  room  temperature,  (a)  705  nm  QDs  conjugated  to  OPG 
AB,  ( b )  705  nm  QDs  conjugated  to  IL-6  AB  and  (c)  non-conjugated 
705  nm  QDs  used  as  controls. 


Figure  4.  Dependence  of  the  QD  blue  spectral  shift  on  the 
molecular  weight  of  the  AB  molecule  used  for  bioconjugation.  The 
samples  were  deposited  on  silicon  and  dried  at  room  temperature  for 
11  days. 

molecule  weights  48  kDa  [36],  which  corresponds  to  27  and 
36  nm  PL  shifts,  respectively. 

Also,  as  can  be  seen  from  figure  3,  the  spectral  shift 
is  developed  for  1 1  days  of  storage  at  room  temperature.  A 
larger  shift  can  be  achieved  with  longer  drying  time  or  at  higher 
temperature  [28].  We  noticed  that  control  non-conjugated, 
705  nm  QDs  also  exhibit  a  small  blue  spectral  shift  which 
ranges  from  2  to  5  nm  in  different  experiments  with  an 
illustrative  example  in  figure  3. 

3.2.  Spectroscopic  PL  mapping 

In  order  to  track  variations  in  the  blue  spectral  shift  across 
the  sample,  PL  spectral  mapping  was  performed.  First  we 
noticed  that  after  sample  deposition  on  the  substrate  and  the 
initial  30  min  of  drying,  the  PL  intensity  shows  a  radial  gradient 
profile  with  higher  PL  at  the  ring  area  at  the  spot  periphery  and 
reduced  PL  intensity  in  the  central  part.  A  similar  PL  intensity 
profile  is  maintained  after  3  days  of  sample  drying  (figure  5(a)). 
Various  regions,  however,  exhibit  different  rates  of  PL  intensity 


reduction  due  to  drying,  as  presented  in  figure  5(c).  Analysis  of 
the  PL  spectra  measured  on  different  individual  spots  revealed 
a  characteristic  blue  PL  shift  pattern  across  the  sample,  which 
we  assigned  as  a  ‘plate-shape’  pattern.  This  means  that  the  blue 
spectral  shift  is  more  pronounced  in  the  center  of  the  spot  and 
reduced  in  the  periphery,  as  shown  in  figure  5(b).  Consistent 
with  data  of  the  room  temperature  drying,  we  also  observed 
a  strong  enhancement  of  the  PL  shift  which  is  quantified  in 
figure  5(d)  as  two  linescans  of  the  PL  peak  position  measured 
across  the  center  of  the  sample.  This  effect  is  very  pronounced 
on  the  conjugated  dried  samples  and  shows  a  very  small 
gradient  from  the  center  to  periphery  in  non-conjugated  control 
QD  samples  dried  at  identical  conditions.  We  concentrate  here 
on  the  conjugated  samples  only. 

The  observed  ‘plate-shape’  effect  is  important,  because  it 
provides  a  method  to  obtain  a  maximum  blue  spectral  shift, 
concentrated  in  a  central  area  of  the  deposited  sample.  Its 
origin  and  mechanism  will  be  discussed  below. 

3.3.  Agarose  gel  electrophoresis 

Agarose  gel  electrophoresis  represents  an  easy,  inexpensive 
and  reliable  method  to  verify  the  conjugation  of  QDs  to 
different  monoclonal  ABs.  According  to  Invitrogen  [29],  one 
QD  molecule,  covered  with  all  layers,  has  a  molecular  weight 
about  750  kDa,  which  is  larger  in  comparison  to  AB  molecules 
in  the  weight  range  of  20-55  kDa.  One  QD  molecule  could 
attach  two  to  three  AB  molecules  [29];  therefore,  we  should 
see  a  difference  in  the  electric  field  drift  and  separation  of  the 
750  kDa  pure  QDs  and  800-850  kDa  conjugated  QDs.  This 
task  requires  careful  optimization  of  experimental  conditions 
to  improve  the  separation  distance  in  gel.  Specifically,  we 
used  a  2%  agarose  gel,  applying  voltages  up  to  1.5  V  and 
running  time  up  to  2  h.  In  figure  6  the  agarose  gel  image  is 
shown  after  120  min  of  running  time.  Here  the  retardation 
in  movement  between  the  pure  705  nm  QDs  and  conjugated 
705  nm  QDs  is  evident  (compare  wells  1  and  2;  5  and  6). 
In  this  image,  pure  ABs  mixed  with  fluorescamine  (wells  3 
and  7)  have  already  run  out  of  the  gel,  and  only  the  trace  PL 
from  them  could  be  seen  in  well  3.  We  observed  also  that  two 
different  ABs,  PSA  and  IL-6,  move  with  different  velocities 
in  the  gel  experiment  as  illustrated  in  figure  6  (wells  2  and  6). 
According  to  [37],  the  molecular  weight  of  the  PSA  molecule 
is  32-33  kDa,  while  the  weight  of  IL-6  is  22-28  kDa  [35],  It 
is  logical  to  assume  that  QDs  conjugated  to  the  IL-6  molecule 
will  move  faster  than  those  conjugated  to  PSA  because  of  the 
size  difference.  This  hypothesis  is  confirmed:  PSA  movement 
(2)  is  retarded  in  comparison  to  IL-6  movement  (6).  Also,  the 
trace  of  the  PSA  +  fluorescamine  PL  is  visible  in  well  3,  while 
no  PL  could  be  observed  in  well  7,  which  contains  a  pure 
IL-6  +  fluorescamine  mixture.  Therefore,  the  separation 
capacity  of  the  agarose  gel  is  high  enough  for  this  type  of 
application. 

4.  Discussion 

In  this  section,  we  address  and  discuss  two  major  findings 
observed  in  the  experimental  part.  The  first  is  a  blue  PL 
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Figure  5.  Photoluminescence  (PL)  maps  of  a  conjugated  sample  stored  for  3  days  at  50  °C:  A — PL  intensity;  B — PL  peak  position.  The 
linescans  of  the  conjugated  sample  (a)  dried  for  30  min  and  (b)  stored  for  3  days  at  50  °C:  C — PL  intensity,  D — PL  peak  position. 


Figure  6.  Agarose  gel  electrophoresis  photograph,  2%  agarose  gel, 
1.5  V,  120  min  of  running  time,  0.5  x  TBE  running  buffer.  Wells  are 
as  follows:  (1)  non-conjugated  705nm  QDs,  (2)  PSA  conjugated  to 
705  nrn  QDs,  (3)  PSA  pure  protein  +  fluorescamine,  (4)  empty,  (5) 
non-conjugated  705  nm  QDs,  (6)  IL-6  conjugated  to  705  nm  QDs 
and  (7)  IL-6  pure  protein  +  fluorescamine. 


spectral  shift  of  the  bioconjugated  QDs  deposited  on  solid 
substrates  compared  to  identical  but  non-conjugated  QDs  and 
the  enhancement  of  this  shift  with  drying  time  at  elevated 
temperatures.  The  second  is  a  distribution  of  the  blue  shift 
across  the  dried  spot  as  revealed  by  a  spectroscopic  PL 
mapping.  It  is  obvious  that  various  physical  and  chemical 


processes  in  the  bulk,  interface  and  surface  of  a  QD  can  modify 
the  QD’s  excited  states  exhibited  in  the  PL  band  spectral 
shift.  We  will  discuss  two  different  mechanisms,  which  can 
account  for  the  blue  PL  shift  in  bioconjugated  QDs.  The 
first  mechanism  is  the  elastic  field  applied  to  conjugated  QDs 
caused  by  compressions  that  build  up  after  drying  the  spot 
on  a  solid  substrate.  The  second  mechanism  is  a  variation 
of  the  local  electric  field  applied  to  the  QD  electronic  levels 
caused  by  bioconjugation  with  charged  or  polar  molecules  that 
resulted  in  changes  of  the  QD  surface  charge. 


4.1.  Compression  stress 

It  is  experimentally  observed  and  theoretically  explained 
that  compression  stress  applied  to  II-VI  compounds  with 
embedded  nano-scale  objects  having  quantum-confined 
wavefunctions  provides  a  high-energy  shift  of  the  exciton 
transitions  [38],  A  typical  example  is  represented  by  a 
super-lattice  structure  with  quantum  wells  stressed  due  to 
lattice  mismatch  between  the  well  and  barrier  materials,  such 
as  ZnSe'I’e /ZnSASe  [  _x  quantum  well/barrier  structure.  The 
objects  in  our  study  can  be  modeled  as  a  similar  system  with 
stress  originated  at  the  interface  between  dried  QD  sample  and 
a  solid  substrate,  such  as  a  silicon  wafer.  One  can  assume  that 
stress  is  applied  to  the  QDs  caused  by  the  change  of  the  QD 
sample  volume  due  to  a  slow  drying  process.  Presumably  the 
surface  tension  between  the  substrate  and  the  drying  sample  is 
a  driving  force  to  generate  this  stress  field. 

Our  experiments  demonstrate  a  substantial  role  of  elastic 
stress  in  the  observed  PL  blue  shift.  One  of  the  critical  results 
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is  a  negligible  PL  shift  in  conjugated  and  non-conjugated  QDs 
diluted  in  the  buffer  solution  or  immersed  in  the  agarose 
gel.  This  must  be  compared  to  a  substantial  PL  shift  in 
identical  bioconjugated  QDs  dried  on  solid  substrates  at  room 
or  elevated  temperatures.  This  mechanism  is  also  consistent 
with  the  PL  experiments  on  QDs  dried  on  various  substrates. 
The  largest  shift,  up  to  36  nm,  is  found  on  crystalline  Si 
and  SiC  while  a  negligibly  small  shift  on  grids  covered  with 
amorphous  carbon  film  and  on  the  plain  rubber  substrate. 
These  observations  evidence  that  the  elastic  properties  of  the 
substrate  play  an  important  role  in  determining  the  elastic 
stress  on  the  QD.  We  suggest  that  compressive  stress  is 
applied  to  dried  bioconjugated  QD  samples  at  the  interface 
between  the  substrate  and  a  dried  droplet.  To  support  this 
hypothesis,  TEM  analysis  of  pure  and  conjugated  705  nm  QDs 
was  conducted.  It  revealed  an  ellipsoid  shape  approximately 
1 1  nm  x  6  nm  as  illustrated  in  figure  1 .  Further  TEM  analyses 
of  bioconjugated  QDs  are  planned  in  order  to  reveal  possible 
changes  in  the  shape  and/or  size  of  bioconjugated  QDs,  caused 
by  compression  stress. 

A  direct  confirmation  of  the  stress  model  was  recently 
received  using  X-ray  diffraction  in  similar  QDs  bioconjugated 
with  IL-10  antigen  and  dried  on  silicon  [39],  In  this  study,  a 
substantial  increase  of  compression  stress  and  corresponding 
compressive  strain  was  directly  measured.  The  increase  of 
strain  from  7.9E(— 4)  up  to  9.6E(— 3)  was  accompanied  by  a 
6  nm  PL  spectral  shift.  We  conclude  here  that  the  stress  effect 
is  the  most  probable  mechanism  for  the  observed  blue  PL  shift. 

4.2.  Electric  field 

We  will  also  discuss  the  potential  role  of  electric  field  variation 
on  the  observed  PL  shift.  The  influence  of  electric  field  was 
intensively  studied  and  discussed  in  publications  on  QDs  [40, 
41].  The  following  arguments,  however,  are  generally  in 
contradiction  with  the  electric  field  model  in  our  case,  but  we 
will  discuss  them  as  an  alternative  to  the  stress  mechanism. 
We  notice  that  the  appearance  of  the  extra  charge  in  the 
ensemble  of  non-oriented  QDs  is  expected  to  lead  to  the  ‘red’ 
PL  shift  due  to  a  quadratic  Stark  effect  [40],  At  the  same 
time,  a  compensation  (reduction)  of  the  initial  charge  which 
may  be  caused  by  bioconjugation  and  drying  processes  can 
explain  that  the  PL  shift  will  be  in  opposite,  i.e.  blue  direction. 
Therefore,  we  would  like  to  discuss  this  in  more  details. 
The  electric  field  applied  to  the  QDs  can  be  changed  due 
to  conjugation  with  charged  or  polar  biomolecules.  We  expect 
that  this  feature  will  be  quite  similar  in  the  liquid  or  dried 
phase,  which  is  in  contrast  with  our  data.  Additionally,  the 
electric  field  should  be  affected  by  various  gas  environments 
due  to  photo-absorption  of  gas  molecules  [42],  However,  our 
data  on  the  sample  drying  in  oxygen,  nitrogen,  argon  and 
vacuum  are  in  a  strong  contrast  with  this  process,  i.e.  PL 
spectral  shift  is  independent  of  drying  conditions  performed  at 
the  same  temperature.  The  PL  shift  is  also  not  affected  by  light 
illumination  and  observed  in  a  sample  after  storage  in  darkness. 
Finally,  the  electric  field  may  be  changed  after  drying  due 
to  evaporation  of  water  molecules  from  the  buffer  solution 
and  water  ions  attached  directly  to  the  biomolecules.  This, 


however,  would  rather  increase  a  net  charge  on  the  QD,  and 
therefore  lead  to  the  ‘red’  PL  shift.  All  these  considerations 
still  cannot  rule  out  the  electric  field  effect  as  an  alternative  to 
the  stress  mechanism. 

The  second  interesting  feature  we  observed  is  a  ‘plate- 
shape’  profile  of  the  PL  shift  in  dried  bioconjugated  QDs 
(figure  5).  According  to  our  data,  the  largest  PL  shift  is 
observed  in  the  spot’s  central  part  with  gradual  reduction 
toward  the  periphery.  This  feature  can  be  interpreted  as  a 
radial  reduction  of  stress  in  a  dried  sample  from  its  center  to  the 
edge.  This  would  explain  the  similar  but  much  smaller  radial 
profile  in  a  non-conjugated  sample.  On  the  other  hand,  another 
explanation  is  quite  feasible.  As  we  documented  in  figures 
5(a)  and  (c),  the  PL  intensity  also  shows  this  type  of  non¬ 
homogeneity;  the  highest  PL  intensity  is  at  the  spot  periphery 
and  the  smallest  at  the  center.  This  intensity  profile  can  be 
attributed  to  the  diffusion  of  the  QDs  to  the  sample  periphery 
during  drying.  Taking  into  account  that  the  bioconjugated 
sample  contains  some  fraction  of  non-conjugated  QDs  we 
may  suggest  that  the  periphery  region  is  enriched  with  non- 
conjugated  QDs,  which  is  revealed  as  a  smaller  blue  PL  shift  at 
the  periphery.  This  process  is  explained  by  a  higher  mobility  of 
non-conjugated  QDs  compared  to  bioconjugated,  as  confirmed 
by  our  gel  electrophoreses  study. 

5.  Conclusions 

A  short-wavelength,  blue  PL  spectral  shift  is  observed  on 
705  nm  QDs  bioconjugated  to  six  different  monoclonal  cancer 
ABs  on  samples  deposited  on  solid  substrates  and  dried  at 
room  and  elevated  temperatures  up  to  50  °C.  We  found  that 
the  PL  shift  is  developed  faster  at  higher  temperatures.  The 
positive  correlation  between  the  AB’s  molecular  weight  and 
the  magnitude  of  the  PL  shift  is  shown.  The  heterogeneous 
pattern  of  the  shift  of  the  dried  bioconjugated  QD  spot  (‘plate- 
shape’  effect)  is  observed  and  interpreted  as  the  effect  of 
surface  tension  distribution  across  the  dried  sample  or  as  an 
enrichment  of  the  periphery  region  in  a  dried  spot  with  non- 
conjugated  QDs.  The  agarose  gel  electrophoresis  technique 
verifies  the  success  of  the  bioconjugation  procedure,  and 
optimum  conditions  (agarose  concentration  and  running  time) 
are  proposed  to  achieve  the  best  separation  between  the 
bands  of  pure  and  bioconjugated  QDs.  The  most  probable 
mechanism  behind  the  PL  shift  effect  is  attributed  to  the 
increased  stress  field  applied  to  QDs  from  the  conjugated 
biomolecules.  The  results  of  this  research  could  lead  to 
critical  improvements  for  in  vitro  cancer  antigen  detection 
concentration  threshold  using  the  QD  luminescent  tagging 
technique. 
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We  report  on  the  application  of  the  bio-conjugated  quantum 
dots  (QDs)  for  a  “sandwich"  enzyme-linked  immunosorbent  assay 
(ELISA)  cancer  testing  technique.  Quantum  dot  ELISA  detection  of 
the  cancer  PSA  antigen  at  concentrations  as  low  as  0.01  ng/ml 
which  is  ~50  times  lower  than  the  classic  “sandwich”  ELISA  was 
demonstrated.  Scanning  photoluminescence  (PL)  spectroscopy 
was  performed  on  dried  ELISA  wells  and  the  results  compared  with 
the  same  QD  samples  dried  on  a  solid  substrate.  We  confirmed  a 
“blue”  up  to  37  nm  PL  spectral  shift  in  a  case  of  QDs  conjugated  to 
PSA  antibodies.  Increasing  of  the  “blue"  spectral  shift  was  observed 
at  lower  PSA  antigen  concentrations.  The  results  can  be  used  to 
improve  sensitivity  of  “sandwich”  ELISA  cancer  antigen  detection. 

Published  by  Elsevier  Ltd 


1.  Introduction 

Cancer  is  a  major  cause  of  illness  and  death  in  the  United  States,  second  after  heart  diseases 
in  2004  [1];  approximately,  half  a  million  people  die  because  of  cancer  in  the  United  States  alone 
every  year.  An  estimated  3%-35%  of  all  cancer  deaths  could  be  avoided  through  early  detection  [2]. 
The  clinical  outcome  of  cancer  is  strongly  related  to  the  stage  at  which  malignancy  is  detected, 
especially  for  breast  cancer  in  women  and  prostate  cancer  in  men  [3].  Most  solid  tumors,  however, 
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are  detectable  with  standard  diagnostic  methods  during  a  late  phase  of  disease  when  it  may  have 
already  metastasized.  Therefore,  there  is  a  critical  need  to  develop  sensitive  probes  for  early  cancer 
detection.  Quantum  dots  (QDs)  represent  state-of-the-art  nano-scale  devices  that  exhibit  promising 
results  toward  the  development  of  a  sensitive  probe  for  screening  cancer  markers.  Currently,  QDs 
are  successfully  used  for  in  vitro  and  in  vivo  imaging  of  tumors  [4,5],  immunochemistry  [6,7], 
DNA  hybridization  [8-10],  cell  imaging  [11-16]  and  potential  photodynamic  therapy  [17],  QDs 
possess  inherent  advantages  over  organic  fluorophores  [18],  such  as  SYPRO  protein  stains  [19]  or 
fluorescamine  [20,21],  and  are  a  possible  replacement  in  biomedical  imaging  applications  [22- 
24].  It  is  anticipated  that  QDs  could  be  successfully  used  as  substitutes  for  organic  dyes  in  early 
cancer  detection  and  forensic  analyses  in  many  biological  techniques  including  ELISA  (enzyme-linked 
immunosorbent  assay),  which  provides  low  detection  limits  for  target  biomolecules  due  to  high 
sensitivities  which  can  detect,  for  instance,  PSA  AG  concentrations  as  low  as  1  ng/ml  [25], 

An  enzyme-linked  immunosorbent  assay  (ELISA)  against  PSA  already  exists  in  a  commercial  form, 
and  has  been  employed  for  the  analyses  of  large  clinical  materials  [26]. 

Currently,  there  is  much  data  available  on  the  threshold  of  PSA  AG  detection  for  “sandwich"-ELISA 
with  organic  dyes,  but  many  ELISA  kits  manifest  this  threshold  to  be  at  1  ng/ml  [25],  which  is  usually 
low  enough  for  early  cancer  detection,  but  “sandwich”  ELISA  with  QDs  could  possibly  detect  as  low  as 
0.01  ng/ml  of  PSA  AG,  which  may  be  very  useful  in  forensic  analysis,  dealing  with  sexual  assaults. 
In  this  case,  forensic  scientists  may  deal  with  the  smallest  traces  of  semen  liquids  which  require 
extremely  sensitive  methods  of  PSA  detection  [27,28].  Therefore,  the  need  to  lower  PSA  detection 
thresholds  is  evident. 

One  of  the  current  problems  in  QD  usage  for  biomedical  applications  is  that  bioconjugation 
reactions  may  be  incomplete  and  result  in  residual  non-conjugated  QDs  in  the  same  bio-conjugated 
solution.  Our  recent  experiments  demonstrated  that  the  PL  spectra  of  QDs  are  changed  by 
bioconjugation  [29-31],  This  is  manifested  as  a  blue  or  short-wavelength  spectral  shift  of  the  PL 
maximum,  which  can  be  clearly  observed  as  a  color  change  of  the  dried  bioconjugated  sample. 
This  unique  spectroscopic  feature  of  the  bioconjugated  QDs  may  serve  as  a  fingerprint  of  the 
bioconjugation  reaction.  Ultimately,  this  will  dramatically  improve  the  sensitivity  of  biomolecule 
detection  using  QDs  because  a  background  PL  from  the  non-conjugated  QDs  can  be  spectrally 
separated.  In  this  paper,  we  report  on  PL  spectroscopic  study  of  the  dried  “sandwich”  ELISA  wells, 
utilizing  QDs  to  detect  PSA  AG  at  the  concentration  range  of  0.01-1.0  ng/ml.  The  agarose  gel 
electrophoresis  technique  with  the  organic  dye  fluorescamine  is  employed  to  assure  the  quality  of  the 
conjugate,  used  for  “sandwich”-ELISA  technique.  A  “blue"  spectral  shift  magnitude  was  found  to  be 
larger  for  ELISA  “sandwiches”  in  comparison  with  the  same  bio-conjugated  QDs,  dried  on  a  flat  silicon 
substrate.  This  effect  can  be  attributed  to  the  elevated  stress  applied  to  the  individual  QD,  involved  into 
the  “sandwich"  formation,  as  well  as  more  or  less  efficient,  but  probably  not  complete,  nonconjugated 
QD  elimination  caused  by  the  washing  procedure.  The  PL  signal  from  the  bio-conjugated  QDs  was 
found  in  all  wells,  containing  AG,  with  different  concentration  but  was  undetectable  in  the  control 
well  without  AG.  It  is  expected  that  the  results  can  provide  strong  benefits  for  early  cancer  detection 
and  forensic  technology. 

2.  Materials  and  methods 

2.1.  QDs,  ABs,  conjugation  and  agarose  gel  electrophoresis 

Commercial  705  nm  CdSeTe/ZnS  core-shell  PEGylated  (with  covalently  coupled  Polyethylene 
glycol  molecules  on  top  in  order  to  produce  non-ionic  surfactants)  QDs  covered  with  a  polymer  were 
obtained  from  Invitrogen  Inc.  Commercial  monoclonal  PSA  ABs  and  AGs  were  obtained  from  Millipore 
Inc.  The  conjugation  procedure  was  performed  using  a  commercially  available  705  nm  QD  conjugation 
kit  [32],  The  main  steps  of  this  procedure  are  also  described  elsewhere  [30,31].  Uncoated  polystyrene 
ELISA  wells  were  purchased  from  NUNC  company  (part  of  Thermo  Fisher  Scientific).  All  buffers  in  stock 
solutions  (coating,  blocking  and  washing)  were  purchased  from  Immunochemistry  Technologies  LLC. 

The  agarose  gel  electrophoresis  technique  with  fluorescamine  was  employed  to  verify  the 
conjugation  reaction.  It  was  in  detail  explained  in  our  previous  works  [30,31]. 
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Fig.  1.  “  Sandwich”— ELISA  method  schematic.  Modified,  original  taken  from  [33], 


2.2.  ELISA  experiment 

The  scheme  of  the  “sandwich”— ELISA  method  is  shown  in  Fig.  1. 

Wells  were  coated  with  capture  PSA  AB  by  adding  50  pi  of  5X  diluted  coating  buffer  mixed  with 
AB  in  concentration  7.5  pg/ml.  The  amount  of  coating  AB  was  taken  in  excess  to  provide  a  complete 
coverage  of  bonding  sites.  The  wells  were  then  covered  with  aluminum  foil  to  prevent  light  exposure 
and  incubated  for  20  h  at  room  temperature  (RT)  under  constant  slow  rotation.  After  that  coated 
wells  were  washed  3  times  with  washing  buffer  and  incubated  with  blocking  buffer  (300  |il/well) 
at  the  same  conditions  to  ensure  blocking  of  all  unused  sites  on  the  well,  available  for  further  protein 
bonding.  This  stage  was  also  followed  with  3-times  washing,  and  immediately  proceeded  to  AG 
solution  addition.  50  |xl  of  PSA  AG  solution  was  added  to  wells  #2-4  in  the  following  concentrations: 
well  #2-1.0  ng/ml;  well  #3-0.1  ng/ml;  well  #4-0.01  ng/ml;  and  well  #5  was  a  control  -  pure  PBS  (pH 
7.4)  added,  no  AG.  Well  #1  was  loaded  with  5  pl  pure  nonconjugated  705  nm  QD  solution  and  let 
dry  in  air.  The  wells  #2  to  #5  were  incubated  in  the  same  conditions  for  12  h,  washed  3  times  with 
washing  buffer,  and  the  50  pi  of  2X  diluted  AB*QD  solution  was  added  immediately,  incubated  for  12  h 
at  the  same  conditions,  washed  3  times  and  let  dry  in  air  until  further  spectroscopic  analysis.  The  2X 
dilution  of  a  conjugate  with  QD  incubation  buffer  was  used  in  an  effort  to  lower  expenses,  associated 
with  the  experiment.  QD*AB  conjugated  is  very  concentrated  in  ABs  (300  pg/ml  of  AB  in  the  stock 
solution,  used  for  conjugation  [31]),  therefore,  they  are  taken  in  excess  even  if  the  conjugate  is  diluted 
2  times.  QD  concentration  could  also  be  a  limited  factor  in  an  effort  to  use  diluted  conjugate  for  ELISA. 
We  assume  however  that  further  dilution  is  possible  and  research  in  this  direction  is  currently  in 
progress. 

2.3.  Samples  and  PL  measurement 

After  the  final  washing,  ELISA  wells  were  dried  in  air  at  room  ambience  for  up  to  120  min,  and  then 
each  well  was  stored  in  a  clear  plastic  box  in  order  to  minimize  contamination  of  the  wells.  In  order 
to  eliminate  a  contribution  of  conjugated  QDs  which  may  occasionally  be  attached  to  the  walls  of  the 
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Fig.  2.  Normalized  PL  spectra  from  the  spectroscopic  mapping  on  non-conjugated  705  nm  QDs  (a)  and  bio-conjugated  with 
PSA  antibody  705  nm  QDs  (b),  dried  on  a  silicon  substrate.  Dashed  lines  correspond  to  the  PL  peak  positions  averaged  across 
the  sample  area. 


well  and  have  no  relation  to  the  “sandwich”  formation,  the  bottom  was  separated  from  the  walls  using 
a  clean  heated  blade  which  allowed  an  accurate  cut.  Spectroscopic  measurements  were  conducted 
with  ELISA  bottoms  only.  We  realize  that  this  procedure  is  complicated  and  hardly  to  use  as  described 
in  clinics,  but  it  is  quite  suitable  for  the  main  purposes  of  this  work  —  to  research  the  possibility  of 
forming  a  “sandwich”  with  conjugated  QDs,  using  lower  AG  concentrations,  and  studying  the  scanning 
PL  spectroscopy  of  bioconjugated  QDs,  involved  in  the  “sandwich”  formation. 

In  all  experiments,  the  conjugated  and  non-conjugated  portion  of  same-sized  QDs  was  used  as 
a  reference.  Individual  droplets  of  the  nonconjugated  and  conjugated  solutions  of  the  3  p,l  volume 
were  deposited  on  the  unpolished  surface  of  the  crystalline  Si  wafer.  Before  the  initial  PL  study,  the 
droplets  were  dried  in  atmospheric  ambience  at  room  temperature  forming  clear  spots  on  the  silicon 
surface. 

Both  ELISA  sample  and  dried  QD  spots  deposited  on  silicon  were  used  for  spectroscopic  PL  mapping 
with  a  smallest  step  of  0.5  mm  to  produce  a  set  of  up  to  100  individual  PL  spectra  for  each  well  and 
spot.  The  scanning  PL  spectroscopy  was  performed  at  room  temperature  using  a  488  nm  Ar  laser  with 
power  density  of  70  W/cm2  as  the  excitation  source.  ELISA  samples  or  silicon  wafers  with  deposited 
QD  spots  were  mounted  on  a  computer-controlled  X-Y  moving  stage.  The  typical  mapping  area  was 
8  mm  x  8  mm  for  ELISA  wells,  and  3.5  mm  x  3.5  mm  for  dried  QD  samples.  The  PL  spectrum  was 
dispersed  by  a  SPEX  500M  spectrometer  and  recorded  by  a  cooled  photomultiplier  coupled  with  a 
lock-in  amplifier.  A  detailed  schematic  and  description  of  the  PL  system  can  be  found  elsewhere 
[29], 

3.  Results  and  discussion 

3.1.  PL  spectral  mapping  on  ELISA  samples 

In  order  to  accurately  measure,  record  and  analyze  the  PL  signal  across  the  samples,  a  spectroscopic 
mapping  technique  was  employed.  PL  spectra,  obtained  in  the  process  of  the  spectral  mapping  of 
ELISA  wells,  were  compared  with  the  spectra,  obtained  from  identical  batch  of  nonconjugated  and 
conjugated  QDs,  dried  on  the  silicon  substrate.  The  results  are  shown  in  Fig.  2. 

It  was  shown  in  our  previous  works  [29-31],  that  the  "blue”  spectral  shift  of  different  magnitudes 
on  dried  bioconjugated  QDs  was  observed  on  different  QDs  and  different  antibody  molecules.  The 
positive  “blue”  shift  magnitude  correlation  with  the  antibody  molecular  weight  was  also  found  [30], 
In  this  work,  the  spectral  mapping  procedure  revealed  a  non-uniform  peak  position  across  the  dried 
spot  of  the  bioconjugated  QDs  ranging  from  682  nm  in  the  central  part  of  the  sample  up  to  706  nm  at 
the  periphery.  This  pattern  was  observed  previously  and  assigned  to  a  “plate-shape”  effect  [30],  We 
will  discuss  below  in  more  detail. 
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Fig.  3.  Normalized  PL  spectra  measured  on  ELISA  wells  #1-5  (a-e,  respectively).  Dashed  lines  correspond  to  the  average  PL 
peak  positions. 


Spectra,  obtained  from  ELISA  wells  are  shown  in  Fig.  3. 

It  is  obvious  that  all  wells,  containing  AG  (b-d)  provide  the  PL  spectrum  that  matches  with  the  QD 
luminescence.  In  contrast,  the  control  well  #5  without  PSA  AG  shows  a  negligible  PL  peak  intensity 
in  the  range  of  575-800  nm,  although  was  loaded  with  the  same  amount  of  conjugated  QDs  and 
undergone  identical  washing  regime.  Clearly,  the  AB*QD  conjugate  in  the  well  #5  did  not  form  a 
“sandwich"  because  of  the  PSA  AG  absence,  and  was  therefore  washed  out.  We  point  out  that  a 
residual  optical  signal  observed  in  the  well  #5,  is  a  spectroscopic  tail  of  488  nm  laser  line,  scattered 
by  the  plastic  well,  and  therefore  has  no  relation  to  the  QD  luminescence.  Well  #1  was  included  in 
the  experiment  in  order  to  compare  the  “blue”  spectral  shift  of  conjugated  QDs  in  comparison  to 
nonconjugated.  Well  #1  was  precovered  with  primary  AB  in  the  same  way  as  all  other  wells,  but  did 
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Fig.  4.  Spectral  maps  of  the  ELISA  wells  #2-4.  Left  column  —  peak  positions  in  A,  right  column  —  corresponding  intensities 
[arb  units]. 


not  undergo  any  washing  cycles,  therefore,  the  PL  spectral  peak  position  of  nonconjugated  QDs,  dried 
on  the  plastic  ELISA  well,  could  be  taken  from  the  well  #1. 

All  ELISA  wells,  which  contained  PSA  AG,  have  a  PL  signal  from  the  conjugated  QDs,  involved  in 
the  “sandwich”  formation.  It  was  obvious  that  PL  intensity  and  PL  peak  spectral  position  are  not 
uniform  across  the  well  area,  and  this  nonuniformity  was  tracked  with  the  PL  spectroscopic  mapping 
procedure.  The  spectral  maps  of  the  #2-4  ELISA  wells  are  shown  in  Fig.  4. 

The  spectral  map  of  the  well  #1  is  not  informative  (because  nonconjugated  QDs  were  simply  dried 
in  the  well),  while  the  well  #5  does  not  exhibit  a  measurable  PL  intensity  from  the  705  nm  PL  band. 
The  well  #4  (with  the  smallest  AG  concentration  of  0.01  ng/ml)  shows  the  QD  PL  peaks  mostly  at  the 
periphery  area,  the  wells  #2  at  the  center,  and  the  well  #3  all  over  the  sample.  This  inhomogeneity  can 
be  attributed  to  a  non-uniform  capture  of  the  PSA  AG  molecules  by  the  capturing  antibodies,  when 
forming  a  sandwich  structure. 

In  this  experiment  using  the  PL  spectral  mapping  technique  we  observed  a  new  effect,  as  a 
dependence  of  the  "blue”  spectral  shift  versus  the  AG  concentration.  In  Fig.  5  the  average  peak 
positions,  along  with  the  standard  deviations,  are  presented. 

The  average  PL  peak  position  is  shifted  to  the  short  wavelengths  with  decreased  AG  concentrations, 
and  its  standard  deviations  are  also  increased  with  decreased  AG  concentrations.  The  average  peak 
positions,  along  with  their  standard  deviations,  are  as  follows  in  wells  #1-4:  7080  (H — 10);  6900 
(H — 32);  6870  (H — 40);  6810  (H — 52).  Additional  research  in  the  effort  to  confirm  this  interesting 
effect  is  currently  in  progress. 

3.2.  ‘‘Plate-shape’’  effect  and  residual  nonconjugated  QDs 

As  was  described  in  our  previous  works  [30,31],  the  authors  found  a  so-called  “plate-shape"  effect 
on  the  QD  samples  dried  on  the  solid  surface  (silicon).  This  effect  was  especially  pronounced  in 
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Fig.  5.  Average  spectroscopic  peak  (close  to  705  nm)  positions  and  their  standard  deviations  (presented  as  error  bars)  of  the 
ELISA  samples  with  different  AG  concentrations. 
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Fig.  6.  Spectroscopic  peak  position  (a)  and  PL  intensity  (b)  maps  of  705  nm  QD  sample,  conjugated  to  PSA  AB,  dried  on  a  clear 
silicon  chip.  Lighter  areas  correspond  to  elevated  intensity/peak  position  values. 


Table  1 

Average  peak  positions  for  different  conjugated  samples  and  their  magnitudes. 


conjugated  samples.  It  means  the  different  intensity  and  peak  profiles  across  the  area  of  a  dried 
sample,  with  both  intensity  and  peak  positions  being  elevated  in  the  periphery  region  and  decreased 
in  the  center.  The  typical  “plate-shape”  effect  for  705  nm  QD,  conjugated  to  PSA  AB,  dried  on  the  clear 
silicon  chip,  is  shown  on  the  Fig.  6. 

The  authors  attributed  this  effect  to  either  increased  stress  applied  to  QDs  in  the  center,  which  may 
change  their  shape/size,  or  to  the  increased  concentration  of  nonconjugated  QDs  in  the  periphery 
region,  which  is  caused  by  their  increased  mobility  because  of  their  small  size  in  comparison  with 
heavy  and  bulky  conjugated  QDs.  In  the  effort  to  approve  one  of  these  hypotheses,  an  average  peak 
position  values  along  with  their  ranges  were  analyzed  for  ELISA  wells  #2-4  and  conjugated  sample, 
presented  in  Fig.  6.  The  results  are  shown  in  the  Table  1. 

From  the  Table  1  it  is  clear  that  the  upper  limit  of  the  sample,  dried  on  the  silicon  surface,  is 
110-130  A  elevated  in  comparison  with  any  of  the  ELISA  wells.  And  what  is  even  more  important, 
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is  that  the  upper  limit  of  the  dried  on  Si  chip  conjugated  sample  surely  lies  on  the  very  periphery 
(Fig.  6(a))  and  corresponds  to  the  wavelength  of  emission  of  pure,  705  nm  QD  sample,  deposited  on 
the  silicon  surface  [30,31].  This  helps  to  draw  the  conclusion  that  because  only  conjugated  QDs  take 
part  in  the  ELISA  “sandwich"  formation,  nonconjugated  QDs,  small  fraction  of  which  is  always  present 
in  a  conjugate,  are  washed  away  and  do  not  interfere  with  the  PL  from  conjugated  QDs.  Flowever,  when 
a  small  droplet  of  conjugate  is  deposited  on  silicon,  the  nonconjugated  fraction  of  QDs  contributes  to 
the  PL  signal.  This  observation  is  important,  because  allows  one  to  separate  and  eliminate  the  residual 
nonconjugation  QDs,  and  their  PL  signal  which  may  interfere  with  conjugated  QDs  and  cause  false 
positive  results.  It  is  also  important,  because  serves  as  an  additional  proof  that  the  PL,  coming  from 
ELISA  wells,  is  the  PL  of  conjugated  705  nm  QDs,  involved  into  the  “sandwich”  formation,  and  not  the 
residual  QDs,  got  stuck  in  the  plastic. 

4.  Conclusions 

“Sandwich"  ELISA  bimolecular  tool  enhanced  with  conjugated  705  nm  QDs  instead  of  commonly 
used  luminescent  dyes  was  employed  to  detect  a  PSA  AG  in  the  concentration  range  from  0.01  to 
1.0  ng/ml.  Three  ELISA  wells  with  AG  concentrations  1.0,  0.1  and  0.01  ng/ml  shows  the  PL  peak, 
originated  from  the  conjugated  QDs  in  the  sandwich  structure  with  corresponding  AG  (PSA).  The 
control  well  without  AG  molecules  shows  a  negligible  QD  PL  intensity.  A  short-wavelength,  blue  PL 
spectral  shift  was  observed  on  all  ELISA  wells,  utilizing  conjugated  QDs,  and  the  values  of  this  spectral 
shift  (13-37  nm)  were  enhanced  in  comparison  with  the  same  QDs,  conjugated  to  PSA  AB,  dried  on 
a  silicon  substrate  (2-26  nm).  This  fact  was  attributed  to  effective  washing  of  nonconjugated  QDs 
from  the  ELISA  wells,  which  are  always  present  in  a  conjugate  mixture  and  therefore  contribute  to 
an  average  PL  of  the  dried  QD  samples.  In  addition,  a  negative  correlation  was  observed  between 
an  average  “blue"  PL  spectral  position  and  AG  concentration.  The  origin  of  this  effect  is  under 
investigation  and  presumably  attributed  to  a  decrease  of  elastic  stress  at  higher  AG  concentrtaions.  If 
confirmed,  this  will  benefit  the  ultralow  limits  of  detection  for  biomolecules,  because  “blue”  spectral 
shift  will  increase  with  AG  concentration  decreasing,  making  it  easier  to  distinguish  between  PL 
coming  from  “sandwiches”  and  possible  traces  of  nonconjugated  QDs  or  other  contaminants  at 
ultralow  concentrations  of  a  target  molecule.  This  effect  will  also  be  useful  in  predicting  the  unknown 
biomolecule  concentration  based  on  the  spectral  shift  position  alone,  eliminating  a  need  for  PL 
intensity  assessment.  The  results  of  this  research  could  lead  to  critical  improvements  for  in  vitro  cancer 
antigen  detection  sensitivity  using  the  QD  luminescent  tagging  technique. 
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